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Abstract
The many applications of high energy storage devices have forged an increasing interest in
research areas related to the electrochemical capacitors. This thesis presents a method to
fabricate self-organized titanium dioxide (titania; TiO2) nanotube arrays and offers a facile
technique to modify the crystal structure of titania nanotubes in order to overcome their high
resistivity and harvest high charge storage accumulation for energy storage applications.
Since the as-synthesized nanotubes are amorphous, more attention is given to the
crystallization process. The titania nanotubes were grown by anodic oxidation of titanium foil
in a fluorine-containing electrolyte and subsequently exposed to an inert atmosphere under
various heat-treatment regimes. Integrating these nanostructures into a binder-free working
electrode resulted in improved capacitance of up to 2.6 mF cm-2, which far exceeds the values
so far reported for different forms of titania in the literature. The specific capacitance results
were mainly extracted from both cyclic voltammetry and galvanostatic charge-discharge
curves. The increase in the capacitance of these highly ordered titania nanotubes confirms the
pseudocapacitive contribution due to the modification of the crystal structure. Physical
characterization of the obtained nanostructures was carried out by employing field emission
scanning electron microscopy, X-ray diffraction, Raman spectroscopy, and X-ray
photoelectron spectroscopy techniques. The oxygen depletion phenomenon, the interstitial
presence of titanium in the anatase to rutile phase transformation, and also the role of phase
transformation in the electrochemical charge-discharge behaviour of nanocrystalline titania
nanotubes were investigated and are discussed in detail for the first time. The ease of
synthesis and exceptional electrochemical properties make these nanotube arrays a promising
alternative candidate for use in energy storage devices. A two-electrode configuration was
used to study these nanostructured materials, and their electrochemical properties were
XI

measured in different electrolyte environments. It was found that the capacitance could be
further increased in an acidic electrolyte up to 17.5 mF cm-2, which is comparable with the
values reported for commercial and conventional electric double layer capacitors. In addition,
the results show that capacitance as high as 6.4 mF cm-2 can be achieved by employing
biocompatible electrolytes. These results are important, as they offer a new type of material
for biological energy storage applications
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Chapter1: Introduction
1.1 Overview
Undoubtedly, clean energy and energy storage are two of the great challenges of the twentyfirst century. Considering the needs of modern society, finding new, low-cost, and
environmentally-friendly energy conversion and storage devices is undeniably essential. In
this context, supercapacitors have attracted worldwide research interest due to their numerous
potential applications as energy storage systems in different fields. The performance of these
devices strongly depends on the properties of their materials. Recently, nanostructured
materials have attracted a great deal of attention because they offer superior mechanical,
chemical, electrical, and optical properties to their bulk counterparts. Progress in
electrochemical capacitor technology can also benefit by moving from conventional to
nanostructured electrodes.
In general, supercapacitors are categorized as electric double layer capacitors (EDLC) and
pseudocapacitors. In contrast to pseudocapacitors, in which the cycle life is affected by the
repeated fast redox reactions occurring on the surface of electrode, EDLC lifetime is in
principle infinite, as it operates based on the electrostatic surface charge accumulation [1, 2].
As suggested in the literature, the crucial aspect to harvesting high performance from
supercapacitors is to reach a compromise between the specific surface area (to ensure high
capacitance) and the pore-size distribution (to permit easy access for the electrolyte). In
addition, electronic conductivity is the other key factor for achieving high capacitance and
consequently, high power [3, 4]. Typically, the combination of active materials with binders
is one of the most important steps in electrode preparation. Binders, however, can inhibit high
power and high energy density of EDL capacitors [5, 6].
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Transition metal oxides are the main material employed to fabricate pseudocapacitors.
Among the different metal oxides used as pseudocapacitors during the last few decades,
RuO2 is the most promising material for electrochemical capacitors. Its toxicity and high
price, however, have rendered it unsuitable for commercial applications. Many research
groups have tried to fabricate alternatives to RuO2 in supercapacitor applications. So far,
many compositions of less expensive transition metal oxides such as Ni, Mn, V [7], Sn,
and/or combinations of metal oxides with different forms of carbon have been tried as active
materials to improve non-faradic capacitance. Very recently, a binder-free laser-scribed
graphene-based (LSG-based) electrochemical capacitor was fabricated which offers an open
pore structure as a crucial factor in charging the EDL and generates high power as a
supercapacitor [3]. These materials may be the best choice for heavy duty applications such
as electric vehicles (EVs) or hybrid electric vehicles (HEVs) requiring high power and energy
densities. Many of the above-mentioned oxides are toxic, however, and the processes
involved in the production of carbon based EDLCs also require environmentally-unfriendly
chemicals and elaborate procedures. The high cost and toxicity of carbon nanotubes,
graphene, and metal oxides might render them unfeasible for practical everyday use
applications.

1.2 Motivation
Among all the transition-metal oxides, titanium dioxide (TiO2) or titania is the most
extensively studied material, with more than 40000 publications in different fields devoted to
it over the past 10 years. TiO2 is a highly functional compound with interesting chemical and
physical properties. It has been exploited in diverse areas, including gas sensors,
photocatalysis, dye-sensitized solar cells, and electrochemical and biomedical devices.
Synthesis of TiO2 nanotubes has attracted great interest for electrochemical applications
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because they offer very high surface area and provide unique electron pathways. Among the
different methods to fabricate TiO2 nanotubes, the anodic oxidation of titanium foil offers a
very convenient way to achieve highly ordered and suitably back-connected nanotube layers
on the substrate.
It is believed that TiO2 has a very low specific capacitance of 0.01–0.07 mF cm-2 and could
only contribute a very low faradic capacitance. Although it is a transition metal oxide, TiO2 is
mostly considered as an EDLC capacitor due to its semiconducting nature, which limits the
conductivity and prevents fast electron transfer. In electrochemical applications of TiO2, selforganized titania nanotube arrays have been used as a substrate for electroactive species such
as metal oxides to enhance accessible surface areas of exotic materials and increase the
electrochemical capacitance of the electrodes.
As mentioned earlier, the method of bonding the active material to a current collector,
electrode thickness, and material properties, including resistivity, pore size, and pore
distribution, are critical parameters to control the quality of the fabricated electrodes and their
ultimate properties in supercapacitor applications [8].
Synthesis of TiO2 nanotubes via the anodic oxidation method provides a simple route to give
good control of pore diameter, and of the length and distribution of nanotubes which are
suitably back-connected to the Ti substrate. As mentioned above, TiO2 is a semiconducting
material with high resistivity, which limits its functionality as an active material in
electrochemical applications. There are many approaches, however, such as electrochemical
and thermal treatments, to overcome the electrical resistivity. Therefore, the discovery of this
interesting alternative route for the fabrication of highly ordered TiO2 nanotube arrays,
combined with thermal approaches to overcome the resistivity of bare TiO2 nanotubes has
encouraged me to engage in the synthesis and functionalization of tailored nanotube
structures for supercapacitor applications, as it can provide a way to prepare binder-free
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electrodes with controllable pore size, pore distribution, and thickness. In addition, due to its
biocompatibility, titania nanotubes can be a good choice of material for use in biological
energy storage applications.
Chapter 2 offers a comprehensive literature survey on supercapacitors, TiO2 based
supercapacitors, and the development of fabrication methods for titania nanotubes. This PhD
dissertation covers the synthesis of TiO2 nanostructures to be used in the preparation of
working electrodes for supercapacitor purposes, and the details are given in Chapter 3.
Chapter 4 mainly discusses the fabrication of nanocrystalline TiO2 powder via a sol-gel
method and the electrochemical properties of the desired materials. Comparisons of the
electrochemical properties of different TiO2 geometries, including nanotubes and
nanocrystalline powders, are given in Chapter 5. Each subsequent chapter is then dedicated to
different synthesis and preparation parameters, which have a great impact on the electrical
conductivity of TiO2 nanotubes and consequently, their electrochemical capacitance. Chapter
6 covers the controlled transition in nanotubular TiO2 structures from nanopores to nanotubes
and their electrochemical properties. Chapter 7 offers a novel method to enhance the
capacitance of TiO2 nanotubes through controlled introduction of oxygen vacancies.
Enhancement of the electrochemical performance of TiO2 nanotube arrays as an effect of
post-annealing treatment is discussed in Chapter 8. Chapter 9 proposes the optimal conditions
to enhance the electrochemical capacitance of TiO2 nanotube arrays. The influences of
annealing conditions on the crystal structure and the transformation from anatase to rutile
phase have been studied and are reported in this Chapter. The two-electrode configuration is
suggested in Chapter 10 for a system fabricated from the material prepared based on the
optimum conditions, and its performance as a supercapacitor device is reported. The effects
of different electrolytes are also discussed in Chapter 10. Finally, a general summary of the
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doctoral work and some suggestions for further research work related to these nanostructured
materials are presented in Chapter 11.
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2.1 Supercapacitors
Global economic prospects, depletion of fossil fuels, and on top of that, increasing
environmental pollution have led to an urgent need for efficient, clean, and sustainable
sources of energy, alongside modern technologies such as batteries, fuel cells, and
electrochemical supercapacitors, to convert and store energy [1]. In recent years,
electrochemical supercapacitors or ultracapacitors have attracted significant attention, mainly
due to their high power capability (typical discharge time: 60-120 s), excellent reversibility
(90-95% or higher), long cycle life (>105 cycles), and bridging function for the power and
energy gap between traditional dielectric capacitors (which have high power output) and
batteries or fuel cells (which have high energy storage). Electrochemical capacitors exhibit
20-200 times larger capacitance per unit volume or mass than the conventional capacitors [25].

2.2 Basic parameters
2.2.1 Capacitance
Capacitance is an important parameter to evaluate active materials and determine the ability
of a material to store an electric charge. The theoretical specific capacity (C) can be
calculated from Eq. (2.1), based on the total amount of charge transferred (q) as a voltage is
applied to the plates (V):
(2.1)
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Therefore, specific capacitance can be calculated based on the amount of charge transferred
per unit mass (F g-1) or specific surface area of the electrode (F cm-2), according to Eq. (2.2):
∆

(2.2)

∆

where, Cs is the specific capacitance (F g-1), I is the charge-discharge current (A), m is the
active material mass (g), s is the specific surface area (cm2), ∆V is the potential window (V),
and ∆t is the discharge time (s).

2.2.2 Energy density
Energy density is a term used for the amount of energy stored in a given mass of the system
(Wh kg-1) or region of space per unit volume (Wh L-1). It determines the supercapacitor
weight or size required to achieve a given performance target. It can be calculated using the
following equation (Eq. (2.3)):
∆

(2.3)

2.2.3 Power density
Power density is the abilities of the cell to transfer energy in unit time (h) per unit mass of the
system (W kg-1) or unit volume (W L-1) (Eq. 2.4).

∆

(2.4)

2.2.4 Cycle life
This term refers to the number of charge-discharge cycles which electrochemical
supercapacitors or batteries can experience before they fail to meet a specific performance
criterion.
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2.3 Electrochemical capacitors (EC)
The structure of an EC is similar to that of a battery, consisting of two identical electrodes, a
separator, and an electrolyte solution. The whole system is isolated by a cylindrical container
or a coin cell [6] (as illustrated in Fig 2.1). All components are important, as they determine
the ultimate performance of the EC device [7]. Electrochemical capacitors, also known as
electric double-layer capacitors (EDLCs), supercapacitors, or ultracapacitors, have attracted
great interest due to their properties of delivering high power density over a short period of
time, being low self-discharging, having long cycle life, and mainly occupying the region
between batteries and fuel cells, and conventional capacitors, as shown in Figure 2.2.

Fig 2.1 Schematic structure of an ultracapacitor consisting of highly porous carbon [8].
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2.4 EC vs. Battery
Typically, the performance of both batteries and ECs is presented by a Ragone plot (Fig 2.2),
which represents the relation between energy and power density [9]. An electrochemical
capacitor has many advantages in harvesting energy over a battery, including fast rates of
charge and discharge, chemical stability over long cycling, good reversibility, low toxicity,
and high cycling efficiency (> 95%). The amount of energy stored per unit weight is
considerably lower, however, than that of an electrochemical battery (3-5 Wh kg-1 for an
ultracapacitor compared to 30-40 Wh kg-1 for a battery) [2, 5].

Fig. 2.2 Ragone plot of various energy storage/propulsion devices and their "charge" times
[10].

2.5 Brief history
The idea of storing charge in the electric double-layer that forms at the interface of a solid
electrode and electrolyte, has been studied by chemists for a long time. The first such patent,
however, was first filed by General Electric for porous carbon electrodes in 1957 [1]. Later,
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in 1966, the Standard Oil Company (SOHIO), developed the modern version of these devices
and then licensed it to the Nippon Electric Company (NEC) to provide backup power for
maintaining computer memory. In the mid-1990s, various advances in materials science and
refinement of the existing systems led to rapidly improving performance and an equally rapid
reduction in cost. Further research is still ongoing to overcome drawbacks arising from
material and engineering considerations [4, 11].
Supercapacitor and ultracapacitor are the commercial names for the devices made by Nippon
Electric Company (NEC), Japan (1971) and Pinnacle Research Institute (PRI), USA,
respectively. Electrochemical double layer capacitor is the technical term used for these
devices [3].
Supercapacitors are being widely used for energy storage in a wide range of applications,
such as electrical vehicles, digital cellular phones, and pulse power applications, as well as
backup and emergency uninterruptible power supplies (UPS). Due to their long cycling
stability, EDLCs are well suited for applications involving non-user-serviceable locations,
such as deep sea or mountain environments [2-5, 12].

2.6 Principles of energy storage mechanisms
In general, the charge storage mechanism in a supercapacitor is based on one or both of two
types of capacitive behaviour, including electrical double layer (EDL) capacitance or
pseudocapacitance, depending on the nature of the electrode material [5, 7].

2.6.1 Electric double layer capacitors (EDLCs)
The charge storage mechanism of EDLCs (also called the non-faradic reaction) resembles
that of conventional capacitors. Upon applying voltage to a capacitor, charges accumulate in
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a double layer formed on the electrolyte-electrode interface [13]. There is no charge transfer
or chemical change on the surface of the electrode; hence, EDLCs can operate with stable
charge-discharge performance, usually for as many as 106 cycles.
The most basic model of EDLC was first described by Helmholtz in 1853. The Helmholtz
double layer model assumes the formation of two monolayers with opposite charges on the
interface of electrode and electrolyte (Fig 2.3(a)). The differential capacitance of such a
system is estimated based on Eq. (2.5)

H

ε

(2.5)

πδ

where, δ is the separation of the ion monolayer centre and the electrode surface. In this
model, capacitance is constant and is not changed by voltage or ionic concentration. Later on,
Gouy and Chapman suggested the Gouy-Chapman model in which the charge is assumed as a
continuous distribution of electrolyte ions, including both cations and anions in the
electrolyte solution (Fig. 2.3(b)). The differential capacitance therefore can be calculated
from Eq. (2.6):
C

εK
π

cosh

Z

(2.6)

where, Z is the valence of the ions, and K is the effective thickness of the EDL (also known
as the Debye length).
Later Stern proposed another model by combining both previously suggested models, which
takes into consideration the contributions from the compact and diffuse layers, as explained
in Eq. (2.7) (Fig. 2.3(c)) [11, 14, 15]

CH

C

(2.7)
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Fig. 2.3 Double-layer models at the positively charged surface: (a) Helmholtz monolayer, (b)
Gouy-Chapman diffuse layer, and (c) Stern model, showing the inner Helmholtz plane (IHP)
distance of closest approach of specifically adsorbed ions and the outer Helmholtz plane
(OHP) where the diffuse layer begins; Ψ0 and Ψ are the potentials on the electrode surface
and the electrode/electrolyte interface, respectively [14].
The double layer capacitance (Cdl) is generally assumed to follow that of a parallel-plate
capacitor (Eq. (2.8))
(2.8)
where, εr is the electrolyte relative dielectric constant, ε0 is the permittivity of vacuum, A is
the specific surface area of the electrode accessible to the electrolyte ions, and d is the
effective thickness of the EDL (the Debye length) [11]. The thickness of the EDL depends on
the concentration of electrolyte and the size of the ions, which is on the order of 5-10 Å for a
concentrated electrolyte [5]. Therefore, incorporating electrodes with much higher surface
areas leads to an increase in both capacitance and energy. In general, porous carbon materials
are often the choice of electrode material due to the large interface area combined with high
electrical conductivity [2]. Such ultracapacitor devices have been assembled to operate in
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both aqueous and organic electrolytes, in which the capacitance of the devices can vary from
a few farads to several thousand farads per cell [16].

2.6.2 Pseudocapacitance
In contrast to EDLCs, which exhibit a true capacitance effect, pseudocapacitors store charge
through the fast reversible transfer of charge between the electrolyte and some electro-active
species on the electrode surface (the electrosorption reaction, also called faradic reaction).
These faradic processes may allow pseudocapacitors to achieve greater capacitances and
energy densities than EDLCs, but generally limit the cycling stability of the device due to the
changes in the chemical composition [2, 17]. The pseudocapacitive contribution can be
calculated from the extent of charge acceptance (∆q) and the potential change (ΔV) (Eq.
(2.9)).
∆
∆

(2.9)

In the last two decades, ruthenium oxide, in both amorphous and crystalline structures, and
iridium oxide have been studied in acidic electrolyte solutions as good choices of material for
pseudocapacitors, due to their high conductivity and intrinsic reversibility for various surface
redox couples. The electrosorption reaction takes place through a process such as following
reaction:
M+ A- ↔ MA(1-δ)- + δe-

(2.10)

where, A- represents anions on the electrode surface, and the quantity δ is related to the
electrosorption valence. In addition, an exchange of charge across the DL, rather than a static
separation of charge across a finite distance, would result in oxidation-reduction (O-R)
reactions.
O + ne- → R

(2.11)
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capacitors is a combination of both double layer capacitance and pseudocapacitance, which
leads to a higher capacitance output [13, 20].
Recently, a ternary composition of graphene/Fe2O3/polyaniline was utilized as electrode
material. It was shown that such a combination can take advantage of both faradic and nonfaradic processes for high capacity charge storage with excellent electrochemical properties
[21].

2.7 Electrode materials
Electrochemical capacitors (ECs) may be distinguished by the electrode materials utilized.
The major classes of materials employed for ECs include various forms of carbon, transition
metal oxides, and conductive polymers. The main features of these different classes of
materials are summarized in Table 2.2. The specific surface area (SSA) of the electrode
materials and properties of electrolytes are the key parameters to determine the ultimate
performance of electrochemical capacitors. Therefore, understanding and modifying the
surface properties are crucial in achieving high power and energy density [4, 22, 23].

2.7.1 EDLC materials
Different forms of carbon materials such as activated carbon [24], carbon aerogels [25],
single-walled carbon nanotubes (SWCNTs), and multi-walled carbon nanotubes (MWCNTs)
have been studied extensively as electrode materials in supercapacitors owing to a unique
combination of properties, including high surface area, light weight, good electrical
conductivity, compatibility with other materials, and controlled pore size distribution. EDLCs
typically store more energy per unit volume by several orders of magnitude than conventional
capacitors. Structure and morphology control is the key factor for carbon-based electrodes to
allow the effective permeation of the electrolyte in order to establish electrical double layers
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(EDLs) in supercapacitors [26, 27]. Activated carbons can provide high surface area, but the
difficulty of controlling their pore structure and pore size distribution has limited the energy
densities and rate capabilities of commercial EDLCs [6, 14]. Graphene oxide (GO) has
recently attracted a great deal of attention, because it offers a low-cost, scalable, and wetchemical approach to the synthesis of graphene (single layer to a few layers). The advent of
graphene, the new form of carbon material with superior electrical properties, has provided
the opportunity for developing new engineered carbons for energy storage. Owing to their
large in-plane conductivity values, graphene films are expected to play a crucial role in the
development of electrodes for a variety of energy applications such as photovoltaics and
supercapacitors. These materials have recently been used in supercapacitor devices to replace
conventional carbon electrodes and have shown very good performance [26, 28-30].
Nowadays, most of the commercial supercapacitors are symmetric double layer capacitors
based on carbon materials with high surface area. Usually, they have a specific capacitance of
about 4 F g-1 (or 10-50 µF cm-2 for a real electrode surface), a power density of 3-4 kW kg-1,
and an energy density of 3-4 Wh kg-1 in both aqueous and organic electrolytes [1, 31].

2.7.2 Pseudocapacitance materials
Materials with pseudocapacitive storage characteristics range from conducting polymers to a
variety of transition metal oxides. The pseudocapacitance of electronically conducting
polymers arises due to the fast and reversible oxidation and reduction processes related to the
π-conjugated polymer chains [5, 32]. Polypyrrole and Nafion® as common conductive
polymers have been investigated as electrode materials in electrochemical applications.
Specific capacitance and power density values as high as 290 F g-1 and 13 kW kg-1 have been
reported for these materials [32]. The conducting polymers, however, exhibit the
disadvantages of a lower specific capacitance and a shorter cycle life compared to the carbon
based electrodes, because the redox sites in the polymer backbone are not sufficiently stable
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vehicles. Among the transition metal oxides, RuO2 is the most promising electrode material
due to its high conductivity, high specific capacitance (as high as 1000 F g-1), long cycle life,
and good electrochemical reversibility, as well as its high rate capability. The rarity and high
cost of Ru, however, has limited the commercial production of RuO2. For example, a vehiclesized EC composed of RuO2 would cost more than $1 million [19]. Therefore, other
strategies, such as dispersion of RuO2 in other less expensive oxide matrices [35, 36],
combinations of RuO2 with different types of carbon [37, 38] or metal oxides such as SnO2
[39] or TiO2 [36], or replacing it with other transition metal oxides and nitrides such as Ni
[40, 41], Mn [42, 43], Mo [44], Co [45, 46], or Sn and their composites, or with combinations
of alternative metal oxides with different types of carbon [31, 47], have been explored to
develop more practical pseudocapacitive materials.

2.8 TiO2 based supercapacitors
Among the transition metal oxides, TiO2 is an n-type semiconductor which is non-toxic,
inexpensive, and available in abundance. It has been categorized as an EDLC electrode
material, however, due to its non-faradic contribution in charge storage. The capacitance of
TiO2 is reported to be 10-70 µF cm-2 [48], which resembles conventional EDLCs. Because of
its low capacitance, TiO2 has been neglected in studies for electrochemical application.
Recently, however, one-dimensional TiO2 nanotubes have attracted significant attention as an
alternative or co-material with other metal oxides in energy storage applications because it
naturally provides a direct pathway for charge transfer, has a highly accessible surface, and
features good electrochemical behaviour and chemical stability [48, 49].
Regarding the utilization of other candidates instead of RuO2, many efforts have been made
to incorporate them into a composite with TiO2 nanotubes to improve their reactivity and
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surface area. In fact, TiO2 is used as a matrix which increases the surface area of the exotic
metal oxides and enhances their utilization during electrochemical processes [38, 48, 50].
In an asymmetric combination of RuO2/TiO2 nanotube composite as positive electrode and
activated carbon as negative electrode, the specific capacitance, and power and energy
densities over the potential window of -0.2 to 0.4 V in 1 M KOH solution were reported to be
120 F g-1, 1207 W kg-1, and 5.7 Wh kg-1, respectively. It has been stated that the TiO2
nanotubes were just used as a support to increase the utilization of RuO2 during the charge
and discharge process. Based on the previous research, it was believed that TiO2 nanotubes
had no pseudocapacitive behaviour, and thus, the observed capacitance was claimed to be
contributed merely from the pseudocapacitive nature of RuO2 [38].
Different compositions of TiO2 with other compounds, including TiO2/activated carbon [51],
Ru-Ti oxides [17], amorphous Ru1-yCryO2/TiO2 nanotubes [35], TiO2(B)/activated carbon
[52], metal double hydroxide (Co, Ni)/TiO2 nanotubes [53], RuO2/TiO2 nanotubes [54],
polythiophene/TiO2 nanocomposite [55], TiO2/Ni/graphite [56], and TiO2–Nb2O5 [57] have
been tried as electrodes in electrochemical measurements. Table 2.3 presents a summary of
the obtained capacitances of Ti-containing composite electrodes used for supercapacitor
purposes.
In one study, a novel form of NiO-TiO2 nanotube (NT) composite was fabricated to be
utilized as a functional electrode material. It was shown that such a TiO2 nanotube array
structure provides electrode support to enhance utilization and lessen the fading effect of
nickel oxide as an electroactive material. It was also reported that this structure would result
in better electrochemical charge storage and cycle life performances [48]. Fig 2.4 compares
cyclic voltammetry performances of bare TiO2 nanotube arrays and of 36.4 at% Nicontaining NiO-TiO2 nanotube composite electrodes at a scan rate of 5 mV s-1 over the
potential range of 0 V to 0.6 V. Vividly, bare TiO2 showed a negligible integral area,
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confirming a very low value of capacitance. The area normalized specific capacitance of bare
TiO2, NiO-TiO2 vs. platinum, and NiO-TiO2 vs. graphite was reported as 0.2-0.3 mF cm-2, 85
mF cm-2, and 128 mF cm-2, respectively. Owing to very low current response, it was
suggested that the pseudocapacitance must mainly come from the nickel oxide in the NiOTiO2 nanotube composites. Using a porous graphite instead of platinum sheet as the cathode
has improved the charge storage process of this hybrid supercapacitor, suggesting that nonfaradic capacitance of the cathode could be feasibly generated to act as a complement of the
redox capacitance of the composite anode [48].
Table 2.3 Summary of capacitance of Ti-containing composite electrodes.
Electrode

Specific

material

capacitance/ F g-1

RuO2/TiO2 NT 120

TiO2/activated
carbon
Ru-Ti oxides

Electrolyte

1M KOH

Voltage
window/ V

-0.2 to 0.4

Current
load/or

Reference

scan rate

15 mAcm2

[38]

1.0M
64.5

LiClO4/EC-

0 to 3

10 mVs-1

[51]

DEC
535

0.5M H2SO4

0 to 1

25 mVs-1

[17]

249.8

1M KOH

-0.85 to 0.15

5 mAcm-2

[35]

1053

6 M KOH

0 to 0.6

5 mVs-1

[53]

0 to 0.8

6 mA cm-2 [54]

Amorphous
Ru1-yCryO2/
TiO2 NT
(Co, Ni)/TiO2
NT
RuO2/TiO2 NT

229.9

PVA–H3PO4–
H2 O
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Fig. 2.4 Cyclic voltammograms collected in 1.0 M NaOH at a rate of 5 mV s-1 for (a) bare
TiO2 vs. platinum, (b) NiO-TiO2 vs. platinum, and (c) NiO-TiO2 vs. graphite electrode [48].

2.9 TiO2 crystal structure
Among the various wide-band-gap oxide semiconductors, titanium dioxide (TiO2, titania) is a
very attractive candidate electrode material that is used in a broad range of electrochemical
applications because it is non-toxic, environmentally friendly, low-cost, and has excellent
chemical and photochemical stability.
Titania has three common polymorphs: rutile (tetragonal), anatase (tetragonal), and brookite
(orthorhombic). The structure of the three main phases is well characterized by TiO6
octahedron building blocks, as illustrated in Fig. 2.5. All these three crystal forms are wideband-gap (Eg 3 eV) semiconductors [58-67].
The particular behaviour of the TiO2 polymorphs in a wide range of applications is very
much controlled by the crystalline structure and morphology. For many of the wide range of
applications of TiO2, it is essential to maximize the specific surface area. Other nanosize
features, such as nanorods or nanotubes, may alter the chemical and physical properties much
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further, however [63, 66, 68]. Thermodynamically, rutile is the most stable phase at ambient
condition, while both the anatase and the brookite phases are metastable.
In the literature, there are some reports regarding the effects of the titania particle size and
crystal phase on the rate capability of lithium ion batteries [49, 69-71]. In one study, the
electronic properties of nanosized particles of anatase, brookite, and rutile in photovoltaic
devices have been compared. No significant difference was observed, however, between
these phases by cyclic voltammetry [67]. In addition, no significant differences in capacitance
have been reported for the different titania crystal phases [72, 73]. Since most of the scientists
working in this particular area are chemists or physicists, some important characteristics, such
as those relating to the nanostructure, might have been ignored. Therefore, it is worth looking
at the different aspects affecting the electrochemical behaviour of TiO2 from the material
perspective.

Fig. 2.5 Bulk structures of the TiO2 polymorphs: (a) rutile, (b) anatase, (c) brookite [67].
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2.10 Synthesis of TiO2 nanotubes
TiO2 nanotube morphology has attracted a great deal of attention in both scientific and
technological studies. In contrast to random TiO2 nanoparticles, the open mesoporous
structure can offer a high surface area to volume ratio [64, 65, 74, 75]. Different methods,
including sol-gel, AAO1 template assistance, the hydrothermal method, and direct
anodization of Ti sheets have been practiced to fabricate TiO2 nanotubes, which are briefly
reviewed below.

2.10.1 Solgel method
Over the last decade, many approaches have been discovered for the fabrication of hollow
fibres of titanium oxide with diameters ranging from nanometers to micrometers. Basically, a
templating method is accompanied by a chemical route such as sol-gel to produce hollow
fibers. A major advantage of using templates is that the dimensions of the tubes are set by the
size of the template and can be varied easily by adjusting the preparation conditions. In this
regard, removable templates, such as carbon nanotubes, polymer fibers, alumina membranes,
or ZnO nanorods, are coated by TiO2 sol followed by a heat treatment to complete the
condensation reaction and form hollow titanium dioxide. Subsequently, TiO2 nanotube array
films survive removal of the template using a chemical etching or thermal method. The
diameter of the final titania nanotube is dependent on the initial template fibre; some
shrinkage can occur in cases where the template is thermally removed. The formation of such
a hollow titanium dioxide structure would result in an increased surface area compared to the
solid fibres, and hence, should enhance the effectiveness of the material in a number of
possible applications [59, 76, 77].

1

anodic aluminium oxide

25

Chapter 2: Literature review

Fig. 2.6 presents scanning electron microscope (SEM) images of titanium dioxide tubes
synthesised via chemically coating a polymer template with thermal removal of the template.

Fig. 2.6 SEM images of the titanium dioxide hollow fibers: (a) overview of the titanium
dioxide material, and (b) higher magnification image showing the hollow nature of the
inorganic fibres [76].

2.10.2 Template assisted atomic layer deposition
This method, generally practiced in solar cell applications, leads to a structure composed of
TiO2 nanotube arrays on a conductive substrate. AAO template, one of the best studied
nanoporous materials, with uniform and controllable pore dimensions, is usually used as the
template. The AAO template is introduced into the atomic layer deposition (ALD, a gasphase deposition method) chamber containing titania precursor for the deposition of a TiO2
layer. The thickness of this TiO2 layer is varied by the number of ALD cycles. To achieve
TiO2 nanotubular structures, the AAO template is selectively removed by acidic and alkaline
solutions such as HgCl2 and KOH. Fig 2.7 illustrates the formation of the final tubular shape
of the TiO2 matrix via AAO template assistance on an ITO2 glass substrate [65, 74, 78].

2

Indium tin oxide
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Fig. 2.7 Fabrication of TiO2 nanotube arrays on ITO glass substrate through ALD/AAO [65].

2.10.3 Hydrothermal method
The hydrothermal method is a well-established solution-based method first reported by
Kasuga et al. [77]. This method consists of treatment of bulk TiO2 with alkaline solutions in a
Teflon reactor/autoclave at high temperatures and pressures followed by acidic treatment.
The ultimate properties and morphology of the synthesized TiO2 highly depend on the nature
of the reaction conditions carried out in the autoclave. This approach usually yields a very
small tube diameter below 10 nm, and a length of typically several tens to hundreds of
nanometers depending on the specific reaction conditions [50, 77, 79-81].
Usually, the removable template, sol-gel, and hydrothermal methods would result in a mat
product in a disordered arrangement of titania which is not supported by a substrate.
Therefore, the obtained TiO2 nanotubes cannot be used directly as working electrodes in
supercapacitor applications. The electroactive species could hardly enter into these nanotubes
due to the high surface tension energy of the tube walls. Therefore, the inner surfaces of the
small tubules remain inaccessible. This drawback may block these TiO2 nanotubes from
consideration for supercapacitor application. Highly ordered titania structures fabricated by
anodic oxidation, however, could act as a good electrode substrate for supercapacitors,
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because their tubular channels offer a solid support structure to permit a feasible loading of
various designated electroactive materials [48, 49, 59, 81].

2.10.4 Anodic oxidation
Anodic oxidation or electrochemical oxidation, also referred as anodization, is a very simple,
useful, and low cost method to fabricate different self-organized porous structures on
different materials. When a metal sheet (M) is exposed to a sufficiently anodic voltage in an
electrochemical configuration (illustrated in Fig 2.8(a)), an oxidation reaction as MÆ Mn+ +
ne- will be initiated. There are three possibilities for reactions depending on the electrolyte
and particular anodization parameters: (i) electropolishing or corrosion of the metal, (ii)
formation of a compact metal oxide (MO) layer, and (iii) formation of porous MO structures.
Under specific anodization parameters, self-organization takes place during the growth of
porous oxide, leading to the formation of nanotubular structures [63].
Formation of self-assembled TiO2 nanotubes by anodization in chromic acid electrolytes
containing hydrofluoric acid was first reported by Zwilling et al. in 1999 [82]. Grimes et al.
first discussed the formation of anodized titania nanotubes in 2001 [83]. Thereafter, other
extensive reports followed by Schmuki and Macak, which showed how different
morphologies and dimensions under various experimental conditions can be achieved [63,
84-89]. It was found that a well-packed, smooth, and hexagonal self-organized porous
structure similar to ordered porous Al2O3 could be achieved by applying a relatively high
voltage of 60 V and using HF-containing ethylene glycol electrolyte (0.05 M HF) (Fig. 2.9).
In addition, the factors that affect the ordering of the hexagonal bottom structure of TiO2
nanotube arrays were investigated. It was shown that repeating the anodization steps could
lead to the fabrication of ordered and closed nanotube layers [84, 90].
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Fig. 2.8 The electrochemical anodization process and possible anodic morphologies: a) I)
metal electropolishing, II) formation of compact anodic oxides, III) self-ordered oxides
(nanotubes or nanopores), IV) rapid (disorganized) oxide nanotube formation, and V) ordered
nanoporous layers. Examples of morphologies of obtained structures: b) classical highly
organized nanoporous alumina, c) highly ordered TiO2 nanotubes (top and side views) with
dimpled structure (right) on the metal surface when tubes are removed, and d) disordered
TiO2 nanotubes growing in bundles. RBA = rapid-breakdown anodization [63].
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Figure 2.9 A bottom-view SEM image of a TiO2 nanotube layer formed in ethylene glycol at
60 V and HF concentration of 0.05 M [90].
The tube morphology, smoothness, inner diameter, and wall thickness, as well as the length
of tubes, can be easily varied by changing the anodization parameters, including the
electrolyte solution, voltage, voltage ramp, anodization period, temperature, and purity of the
substrate. There is no direct link among all these parameters. Changing the tube properties
corresponding to different parameters, however, has been studied by different research
groups. A brief review of each parameter is given in the following paragraphs.
2.10.4.1 Substrate purity

Titanium substrate purity has been explored as a variable affecting the ordering of the
hexagonal bottom structure of TiO2 nanotube arrays. Fig. 2.10 compares field emission SEM
(FESEM) images of the bottom of the nanotube layers formed after one and also two
anodization steps on Ti substrates with different Ti purity, 99.6% (Fig. 2.10(a, b)) and
99.99% purity (Fig. 2.10(c, d)). Evidently, higher purity Ti substrate and one more
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anodization step have improved the formation of hexagonal morphology at the bottom of the
TiO2 nanotube arrays [84].

Fig. 2.10 FE-SEM bottom views of ordered domains of TiO2 nanotubes grown on 99.6% pure
Ti after a first (a) and second anodization (b); (c) and (d) show respective images for
nanotube layers grown on Ti with 99.99% purity. Insets show magnified images [84].
2.10.4.2 Electrolyte

Electrolyte composition plays a critical role in determining the final morphology of the
resultant TiO2 nanotube array. In this regard, water content and fluorine ion concentration, as
well as pH value, are important factors.
2.10.4.2.1 Water content

Water content in the electrolyte affects the growth rate and the etching speed (chemical
dissolution rate) of the nanotubes. In other words, water is required for oxide formation (tube
bottom), but it also accelerates the dissolution of the nanotube layer. On the other hand, the
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smoothness and heterogeneity (manifested as ripples) of the obtained tube strongly depend on
the water content, as smooth tube walls are prone to form in very low water content. The
nanotubes anodized in organic electrolytes, such as ethylene glycol or ionic liquids, show
significant differences in morphology (longer tube and large pore size) compared to their
counterparts treated in aqueous electrolytes, due to the lower water content of organic
electrolytes. It has been found that TiO2 nanotubes anodized in organic electrolytes tend to
have smooth tube walls. The presence of a small amount of water in organic electrolyte is
inevitable, however, due to the water absorbance from the air environment [63, 91, 92].
2.10.4.2.2 Fluorine ions

In anodic oxidation of all metal sheets, an electrolyte containing fluorine ions is indispensable
for the formation of nanotube arrays. The morphology, wall thickness, and tube length highly
depend on the fluorine concentration, owing to the chemical etching of the tubes. Chemical
dissolution of the tube wall close to the mouth by the F--containing electrolyte over a longer
time results in thinning of the tube wall [49, 84, 93].
2.10.4.2.3 pH value

pH value has been explored as another variable improving the tube layer thickness, since
chemical etching of TiO2 in neutral electrolytes is significantly slower than in acidic
electrolytes. Considerably longer tubes could be grown in neutral electrolytes such as NH4F(NH4)2SO4 and HaF-Na2SO4, while at acidic pH values, the length of the nanotubes is limited
by the dissolution that occurs on top of the tube. In addition, no nanotubular structure can be
formed in an alkaline electrolyte. By using organic electrolyte systems, such as ethylene
glycol, almost ideal hexagonally-arranged tube layers can be grown to a thickness of several
hundreds of micrometers [63, 94-97].
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2.10.4.3 Anodization bath temperature

In the growth of nanotubes via anodic oxidation of titanium, the chemical dissolution and
electrochemical etching processes are two crucial steps that determine the thickness of the
tubes. Varying the electrolyte bath temperature can change the rates of both etching
processes, and hence, change the wall thickness. A low dissolution rate is established by
decreasing the anodization temperature, and thus the wall thickness increases until it fills the
gap between the nanotubes, which ultimately connects the nanotubes and forms a nanoporous
structure [93, 96].
2.10.4.4 Voltage

The pore diameter and the length of the tubes are strongly dependent on the anodization
voltage. It has been suggested that up to a critical potential, there is a linear relationship
between inner tube diameter and applied voltage. Tubes anodized in 0.27 M NH4F electrolyte
have been reported to grow to diameters of 93, 140, and 174 nm when voltage of 30, 40, and
50 V, respectively, is applied. The thickness growth of the tubular structures stops when the
chemical dissolution rate of the oxide at top of the tube is equal to the pore growth at the base
of the tubes. Higher anodization voltages increase the oxidation, and hence, a greater
nanotube layer thickness can be achieved before equilibration with the chemical dissolution
[84, 93].
2.10.4.5 Voltage ramp

The anodization occurs as the voltage ramps from open circuit potential (OCP) to the final
potential within a certain rate. It has been reported by some authors that a lower sweep rate
results in a pH gradient between the bottom (low pH) and the top (high pH) of the tubes and
forms thicker nanotubes [90].
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In a study of different voltage ramps, ranging from 100-1000 mV s-1, it was found that a
constant current is established after an initial increase in current (Fig. 2.11(a)). Increasing the
current is an indication of the formation of a thin layer of titania at the interface between Ti
metal and electrolyte, at the beginning of anodization. Current then falls when the titania
barrier layer reaches its maximum thickness. Nucleation of pores also starts, however, due to
the F- ion etching. The current reaches a constant value when the equilibrium between oxide
generation and dissolution is achieved. As is shown in Fig 2.11(b), the equilibrium time
between oxide formation and dissolution is delayed by increasing the sweep rate, which
would result in the synthesis of a thicker nanotube layer [98].

Fig 2.11 (a) Polarisation curves collected at different sweep rates: 100, 500, and 1000 mV s-1,
and (b) current transient curves collected at 20 V, after the initial voltage ramp was finished
[98].
The dependence of the tube length on the potential and concentration of fluorine was further
studied by Albu et al. [90]. They reported an upper limit for applied potential and fluorine ion
concentration, and if it is surpassed, no self-organized tube formation, but rather
electropolishing is observed. They claimed that the highest aspect ratio of TiO2 with inner
diameter of 70 nm, outer diameter of 160 nm, and highest length of 261 μm can be fabricated
at 120 V in electrolyte containing 0.2 M HF (as shown in Fig. 2.12) [90].
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Fig. 2.12 Cross-sectional SEM image of the TiO2 nanotubular layer formed after 15 h
anodization at 120 V at a HF concentration of 0.2 M, with the inset showing an enlarged view
of the nanotubes [90].

2.11 TiO2 nanotube growth during anodic oxidation
Anodization usually occurs by applying a potential step (or ramp) at a constant potential
between 1-30 V for aqueous and 5-150 V for non-aqueous electrolytes containing
approximately 0.05-0.5 M (or 0.1 - 1 wt%) fluorine ions. The growth of the oxide can then be
monitored by recording the current-time characteristics (Fig. 2.13(a)). In the absence of
fluorine ions, a compact oxide layer forms on the TiO2 surface, and typical active-passive
behaviour can be frequently observed (Figure 2.13(a), inset). There is a dynamic equilibrium
between the growth rate of the titanium oxide at the oxide/metal interface and the dissolution
rate of oxide by fluorine ions at the solution/oxide interface [99, 100].
During anodization, Ti4+ (released from M → Mn++ne-) chemically reacts with O2- or OHions of the water molecules (created by electrolysis of water). At this stage, a very thin oxide
layer is deposited on the metal surface. Under the electric field, Ti4+ ions migrate from the
oxide/metal interface to the oxide/electrolyte interface where dissolution occurs due to the TiO bond weakening. On the other hand, the free O2- ions diffuse across the oxide layer and
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react with Ti metal at the oxide/metal interface (oxidation). The direction of migrations is
schematically shown in Fig. 2.13(b). The process can be explained by the following
equations:

On the cathode surface:

4H2O + 4e- Æ 4OH-electrolyte + 2H2

(2.12)

On the anode surface:

Ti - 4e-Æ Ti4+

(2.13)

At the electrolyte / oxide interface:

OH-electrolyte Æ O2-oxide + H+ electrolyte

(2.14)

At the oxide / metal interface:

Ti4+ + 2O2-oxide Æ TiO2

(2.15)

At the oxide / metal interface:

Ti4++ 6F- Æ [TiF6]2-

(2.16)

At the electrolyte / oxide interface:

TiO2+ 6F- Æ[TiF6]2- + 2H2O

(2.17)

In the presence of fluorine (F-) ions in the electrolyte, a thin fluorine-rich layer of [TiF6]2- is
formed as a result of the reaction between Ti4+ and TiO2 with F- through Eq. (2.16) and
(2.17). The fluorine rich layer is prone to chemical dissolution in aqueous electrolyte to form
a porous titanium oxide layer [63, 96]. At an oxide thickness of only a few nanometres, pits
can be created locally because of the morphological instability on the initially conformal
oxide surface. Therefore, small pits are initiated through the localized dissolution of the
oxide. These locally positioned pits act as pore forming centres that are uniformly distributed
over the whole surface. The pores start to grow at the pore bottom with inward movement of
the oxide layer. The growth of the pores stops when the rate of chemical dissolution at the tip
of the tube and the rate of inward movement of the metal/oxide boundary become equal [101103].
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Figure 2.13 (a) Schematic current density − time (j-t) characteristics after a voltage step in the
absence (dashed line) and presence (continuous line) of fluorine ions in the electrolyte. Either
compact oxide (fluorine-free electrolyte) or porous/tubular metal oxide formation (fluorinecontaining electrolyte) forms by different morphological stages (as shown in Fig. 2.8(I-III)).
The inset shows schematic linear sweep voltammograms (j-U curves) for different fluorine
concentrations, resulting in either electropolished metal (high fluorine concentration),
compact oxide (very low fluorine concentration), or tube formation (intermediate fluorine
concentration). (b) and (c) Schematic drawings showing field-aided transport of mobile ions
through the oxide layers in the absence and presence of fluorine ions, respectively; rapid
fluorine migration leads to accumulation at the metal-oxide interface [63].
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2.12 Microsupercapacitor devices
In a diverse range of current applications such as portable electronic and biomedical devices,
microscale supercapacitors provide a complement to batteries. Microscale supercapacitors are
generally fabricated by printing, lithography, and photolithography techniques, in which
continued improvements in cost, scalability, and form factor are required to realize their full
potential. Recently, laser reduction and patterning of graphite oxide films have been tried to
manufacture carbon monolithic supercapacitors. As suggested, the carbon material should
possess three factors to satisfy the requirements for a double layer type supercapacitor: high
surface area, good intra- and interparticle conductivity, and good electrolyte accessibility. In
addition, quality control in the fabrication of supercapacitors, in terms of bonding the active
material to a current collector, thickness, and material properties are extremely important and
sometimes difficult to achieve [1, 6, 16, 28]. Anodization of Ti metal sheet, however, would
result in the controlled formation of pores with a determined length and thickness of TiO2
nanotubes. Hence, it is safe to assume that the formation of TiO2 nanotube arrays on a thin
sheet of Ti could be beneficial in microscale supercapacitors for small devices.
In the literature, there is a lack of studies on the electrochemical properties of TiO2 for
supercapacitors. This PhD program has been extended to the synthesis and functionalizing of
titania to be used as working electrode for supercapacitor applications. Two types of
nanostructured TiO2, nanocrystalline powder and nanotubes, have been synthesised through
the sol-gel and anodization methods, respectively. Different series of experiments have been
performed to characterize the effects of annealing conditions on the crystal structure and
phase changes of TiO2, and consequently, their impact on the electrochemical properties of
TiO2. Optimal conditions have been proposed for the first time for the synthesis of TiO2
nanotube arrays, resulting in the highest capacitance reported so far. In addition, a controlled
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transition from the nanoporous to the nanotubular structure with their characteristic
electrochemical properties has been achieved by changing some of the anodization
parameters. Various microstructural characterization methods were conducted to investigate
the crystal phase and surface morphology, including field emission scanning electron
microscopy (FESEM), X-ray diffraction (XRD), glancing angle X-ray diffraction (GAXRD),
Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). Electrochemical
properties of as-prepared working electrodes were examined using different models of battery
tester, such as Bio-Logic VMP3, LAND CT2001A, and CHI660 workstations.
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Chapter 3: Materials & Procedures
3.1 Materials
The characteristics of all materials and chemicals used in this work are listed in Table 3.1.
Table 3.1 Chemicals and materials used in the procedures.
Materials/Chemicals

Formula

Purity

CAT No.

Supplier

Titanium tetra
isopropoxide (TTIP)

Ti[OCH(CH3)2]4

97%

205273

ALDRICH

Ethanol Absolute

C2H5OH

Absolute 1045

Hydrochloric acid

HCl

32%

Z141519
906

MERCK

Ammonium hydroxide
solution

NH4OH

28–30%
NH3
basis

320145

SIGMAALDRICH

Titanium foil;
thickness 0.25 mm

Ti

99.7%

267503

ALDRICH

Platinum foil;
thickness 0.025 mm

Pt

99.99%

349364

ALDRICH

Ammonium fluoride

NH4F

≥99.99% 338869

ALDRICH

Glycerol (for
electrophoresis)

HOCH2CH(OH)CH2OH ≥99%

G8773

SIGMA

ACETONE

(CH3)2CO

Reagent

7

UNILAB

Carbon black

C

Super P

1333-86-4

TIMCAL

1-methyl-2pyrrolidinone

C5H9NO

99.5%

494496

SIGMAALDRICH

(CH2CF2)n

N/A

182702

ALDRICH

(NMP)
Polyvinylidene
fluoride (PVDF)

UNILAB
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Sodium hydroxide
pellets (anhydrous)

NaOH

Potassium Chloride

KCL

Sulfuric acid

H2SO4

98%

K40742380 MERCK

Membrane filter

Polycarbonate

N/A

K20A047A

≥98%

S5881

SIGMAALDRICH

PA054

MERCK

TOYOROSHI
USA

All solutions used in this work were prepared with de-ionized water (18 MΩ cm) produced
by a reagent water system (Milli-Q SP, Japan).

3.2 Experimental procedures
3.2.1 Synthesis of Nanocrystalline TiO2 Powder
Nanocrystalline titania powder was synthesised via a sol-gel method employing two-stage
hydrolysis of titanium tetra-isopropoxide (TTIP). In order to prevent an immediate reaction
of TTIP under atmosphere, it was first diluted with water-free ethanol. The ratio of TTIP to
ethanol was kept at 1 to 5 (TTIP/ethanol: 1/5). De-ionized water was then added into the
diluted solution of TTIP (TTIP/H2O: 1/20) together with HCl (0.25 ml) and NH4OH (0.75
ml) as catalytic agents. The solution was stirred at room temperature for 1 h. The final white
slurry was centrifuged, and dried at 100 ºC overnight. The obtained powder was then
annealed (horizontal tube furnace; LABEC) at different temperatures ranging from 500 ºC 800 ºC for 1 h under air and argon atmospheres. The overall experimental procedure for the
synthesis of nanocrystalline TiO2 powder is illustrated in Fig 3.1.
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Fig. 3.1 Flowchart
F
of the processs for synthessis of nanocrrystalline TiO
O2 powder via
v the sol-geel
m
method.

3.2.2 Sy
ynthesis off TiO2 nan
notube arrrays
3.2.2.1 Su
urface treattment:

Titanium
m foil was cu
ut into smalll pieces, as shown in Fiig. 3.2, in w
which an areaa of around 1
cm2 was the desired surface areaa. Platinum ffoil was cut into
i
3 × 3 cm
m2 pieces aroound 6 cm2 in
i
area for use in all experiments.
e
. Prepared ffoils were degreased
d
byy sonication (BRANSON
N
B1500R--MTH) in accetone for 30
0 min, and thhen in ethano
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b
rinsing with
w de-ionizzed water and
d drying in aair.

Fig. 3.2 Ti foil cut into the ddesired shapee for use in thhis work.

Chapter 3: Materials & procedures

55

3.2.2.2 Anodic oxidation

Self-organized TiO2 nanotube arrays (TNTA) were made employing the anodic oxidation
method with a two-electrode configuration, with Ti and Pt foils acting as the anode and
cathode electrodes, respectively. The electrolyte consisted of 0.2 wt% NH4F dissolved in
different volumetric mixtures of glycerol (G) and de-ionized water (H) in ratios (G/H) of 9,
27, and 270. The synthesis process was conducted in a thermostatic water bath (Constant
Temperature Water Bath Model NBCT2) to keep the temperature of the electrolyte constant
at 20 ºC. The anodization was performed under a constant voltage of 15 V for 17 h. A
photograph of the equipment for the anodization process is shown in Fig. 3.3. After being
dried in air, samples were annealed at different temperatures ranging from 450 ºC - 650 ºC
for different periods of time: 1 h to 5 h under air or argon atmosphere.

3.3 Physical and structural characterization
Different techniques were used to investigate the surface morphology and microstructure of
different types of particles of the synthesized TiO2. The facilities are owned by the Institute
for Superconducting and Electronic Material (ISEM) and the Intelligent Polymer Research
Institute (IPRI) in the Australian Institute of Innovative Materials (AIIM) Facility, University
of Wollongong (UOW).
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Fig. 3.3 The anodic oxidation set-up.

3.3.1 Field emission electron microscopy
The scanning electron microscope (SEM) is a type of electron microscope that images a
sample by scanning its surface using an electron beam in a raster scan pattern. The electrons
interact with the atoms that make up the sample, producing signals which contain information
about different properties of the sample's surface such as topography, composition, and other
physical properties such as electrical conductivity.
A field-emission cathode in the electron gun of a scanning electron microscope provides
narrower probing beams at low as well as high electron energy, resulting in both improved
spatial resolution and minimized sample charging and damage.
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A conventional scanning electron microscope (SEM; JEOL JSM 6460A) and a field emission
SEM (FESEM; JEOL JSM-7500FA) were used in this work to study the morphology of the
materials and electrodes. Nanocrystalline TiO2 powders were simply dispersed on a piece of
carbon tape, while the anodized TiO2 nanotubes were put on a piece of carbon tape and glued
to the sample holder with silver paste in order to obtain a better electrical connection with
sample holder and minimize the sample charging.

3.3.2 Xray diffraction
X-ray diffraction (XRD) is a rapid and common analytical technique, primarily used to study
the crystal structure, chemical composition, and physical properties of materials and thin
films, which can also provide information about unit cell dimensions. This technique is based
on observing the diffracted intensity of an X-ray beam hitting a sample as a function of
incident and diffraction angle, polarization, and wavelength or energy. Generated X-rays are
directed at the sample, and the diffracted rays are collected. Conversion of the diffraction
peaks to d-spacings allows identification of the minerals because each mineral has a set of
unique d-spacings. Typically, this is achieved by comparison of d-spacings with standard
reference patterns.
Here, two methods of XRD: X-ray powder diffraction (XRD) and glancing angle XRD
(GAXRD), were used. The XRD powder diffraction method was employed for investigation
of nanocrystalline TiO2 powders synthesized by the sol-gel method, in which the powder
sample was loaded on the flattened surface of a disk-shaped quartz cell. The sample holder is
put on the axis of the diffractometer and tilted by an angle θ, while a detector rotates around it
on an arm at a 2θ angle ranging from 20º to 80º. Meanwhile, the crystal size of the samples
can be calculated from the broadening of the peaks according to the Scherrer formula (Eq.
3.1). The Rietveld refinement method was mainly applied to measure the crystallite size and
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unit cell dimensions. The Rietveld method uses a least squares approach to refine a
theoretical line profile until it matches the measured profile.
D = (0.9λ)/(β cosθ)

(3.1)

where D is the crystal size (nm), λ is the incident X-ray wavelength (Å), 2θ is the peak
position (°), and β is the full width at half maximum (FWHM) in radians. The value of β
should be corrected for the instrumental contribution before substituting into Scherrer’s
equation. XRD and GAXRD experiments were performed on a GBC MMA X-ray
diffractometer employing Cu Kα radiation (λ = 1.54178 Å).
Rietveld refinement calculations were performed with Materials Analysis Using Diffraction
(MAUD) software (Version 2.26). In this method, the experimental patterns (I0) (i.e. the
observed X-ray powder diffraction pattern of annealed TiO2 powder) are fitted with the
respective simulated patterns (Ic). The difference between the calculated value and the
observed value (I0-Ic) at each point of observation is plotted below each fitted pattern. Lower
I0-Ic values plotted at the bottom indicates that the experimental pattern fits well with the
simulated one. The use of the Rietveld refinement method requires proper knowledge of the
approximate crystal structure of each phase present in the sample to find a rough, initial
approximation of the probable XRD pattern. Such crystal-structure information as well as the
starting parameters of site occupancies and lattice parameters were taken from the database of
the Rietveld program (MAUD).
In the XRD patterns of thin films deposited on a substrate, contributions from the substrate to
the diffraction can sometimes overshadow the contributions from the thin film. Therefore,
GAXRD is used to record the diffraction pattern to minimize the contribution from the
substrate. In fact, by reducing the angle of incidence and penetration of X-rays into the
specimen, the contribution of the substrate to the diffraction pattern can be minimized. In

Chapter 3: Materials & procedures

59

addition, a specimen can be probed through its thickness by varying the angle of incidence.
Hence, in this work, low incident angles (2θ) ranging from 5° to 15° were used to investigate
the anatase to rutile transformation of TiO2 along the nanotube length.

3.3.3 Raman spectroscopy
Raman spectroscopy is commonly used in chemistry to identify materials. It is a
spectroscopic technique based on inelastic scattering of monochromatic light, usually from a
laser source. The laser light interacts with molecular vibrations, phonons, or other excitations
in the system, resulting in the energy of the laser photons being shifted up or down. As a
result, it provides a fingerprint by which the molecule can be identified. In this work, the
Raman spectroscopy technique was used to identify the anatase and rutile phases, as well as
the oxygen vacancies introduced into the system. Here, Raman spectra were recorded using a
LabRAM HR, Horiba Jobin Yvon SAS employing a laser at 632.8 nm. Curve fitting of
Raman spectra was performed using Origin software employing a Gaussian-Lorentzian peak
shape after performing a background correction.

3.3.4 Xray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a quantitative technique which is used to measure
the elemental composition of the surface (usually down to 10 nm), and find the empirical
formula of the pure material, and the chemical and electronic states of the elements that exist
within the surface of material. This technique requires ultra-high vacuum (UHV) conditions,
pressures lower than about 10−9 Torr. The XPS spectra are obtained by irradiating the sample
with an X-ray beam and recording the kinetic energy and number of electrons that escape
from the surface, usually from down to a 10 nm depth from the surface of the material. In this
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work, the XPS data were collected by a SPECS system employing Al Kα radiation (10 kV;
100 W), and a pass energy of 20 eV. The XPS spectra were used to investigate the surface
microstructure of the synthesized TiO2 nanotubes and working electrodes. Deconvolution and
curve fitting of spectra were performed using CASAXPS software employing a GaussianLorentzian peak shape after performing a Shirley background correction.

3.4 Electrochemical measurements
3.4.1 Electrode preparation and cell assembly
The working electrodes made of nanocrystalline TiO2 powder were prepared by a
conventional method that consisted of dispersing 70 wt% synthesised TiO2 nanopowders, 20
wt% carbon black, and 10 wt% poly (vinylidene fluoride) (PVDF) binder in N-methyl
pyrrolidinone (NMP) solvent to form a slurry, which was then mixed in a mortar for 15 min
and pasted onto the surface of the titanium foils. Subsequently, the electrodes were dried in a
vacuum oven at around 80 ºC for 24 hours. On the other hand, the aligned titania nanotubes
(TiO2/NT) grown on the surface of Ti substrates were used directly as the working electrode.
The electrochemical process was performed in beaker cell using a three-electrode
configuration system. The 1 cm2 surface of the working electrode was exposed to around a Pt
sheet with a 3 cm2 surface acting as the counter electrode. The reference electrode was an
Ag/AgCl (KCl saturated) electrode. All electrolytes used in this work were aqueous solutions
containing a salt or an acidic environment (KCl, NaOH, H2SO4, or phosphate buffered saline
(PBS)). Fig. 3.4 is a schematic diagram of the assembled cell used in this study.
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Fig 3.4 Schematic diagram of the three-electrode configuration set-up for the electrochemical
measurements.

3.4.2 Electrochemical measurements
The electrochemical measurements involved cyclic voltammetry, charge-discharge, and
electrochemical impedance spectroscopy, using different facilities located in the Institute for
Superconducting and Electronic Materials (ISEM), University of Wollongong (UOW).
3.4.2.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a potentiodynamic type of electrochemical measurements that is
well known as a simple, rapid, and powerful method to characterize the electrochemical
performance of materials used in batteries and supercapacitors. It is used most often as a
diagnostic tool for elucidating the electrode mechanisms. In this method, the potential is
applied between the reference electrode and the working electrode, and the current is
measured between the working electrode and the counter electrode. The voltage is swept over
a potential window, and the working electrode is scanned at a constant rate (Vs-1). The
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obtained current (i) is then plotted against potential (V). The plot offers rapid location of
redox potentials of the electroactive species. All CV measurements, in this study, were
performed using a VMP3 Bio-Logic workstation or a CHI 660 electrochemical workstation
over different potential windows and different scan rates ranging from 1 mVs-1 to 100 mVs-1.
3.4.2.2 Charge discharge test

Cyclic charge-discharge (CD) is a standard technique utilized to investigate the
electrochemical performance and cycle life of supercapacitors and batteries. Charge and
discharge tests are conducted at constant current until a set voltage is reached. In practice,
charge is commonly called capacity (Q). Capacity can be calculated based on the charge or
discharge time using the following formula (Eq. 3.2):
Q=I×t

(3.2)

where, I is the current density (A g-1), and t is the time (s).
Indeed, cycle life is one of the most important qualification parameters for the active
materials. Cycle life is usually defined as the number of charge-discharge cycles a working
electrode can perform before its nominal capacity falls below 80% of its initial rated capacity.
Here, CD and cycle life tests were conducted using either a battery test system (LAND
CT2001A) or VMP3 Bio-Logic workstation over different potential windows and with
different current densities.
3.4.2.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is often used to understand the interfacial
behavior in electrochemical systems and various other processes, in terms of ohmic
conduction, charge transfer, interfacial charging, and mass transfer. It is worth mentioning,
however, that EIS is a complementary technique and other methods such as cyclic
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voltammetry and charge-discharge tests must also be used to elucidate the interfacial
processes. These measurements are carried out at a small potential perturbation, usually a
voltage between 5 to 50 mV, over a range of frequencies from 0.001 Hz to 100,000 Hz, and
with a given DC potential. The EIS instrument records different parts of the impedance
response of the system, including the real part (resistance) at high frequencies and the
imaginary part (capacitance) at low frequencies. Different types of software are used to
simulate the EIS data with a circuit model depending upon the shape of the EIS spectrum.
In this work, EIS measurements were carried out at a sinusoidal perturbation of 5 mV, but
with different frequency ranges and potential, employing a CHI660 or VMP3 Bio-Logic
electrochemical workstations. The experimental data were then fitted and analyzed by
employing Zview, Zsim, and ZFit software.

Chapter 4: Synthesis of nanocrystalline
TiO2 powder & its electrochemical
properties
4.1 Introduction
The physical and chemical properties of nanocrystalline materials often differ from those of
crystalline or amorphous ones. Titanium dioxide is a material which has been widely
investigated, and due to its wide range of applications in photocatalysis, pigments, protection
against ultraviolet irradiation, [1-5] sensors, [6] and antibiosis [5], it has been of considerable
interest in recent years. A large amount of work needs be done, however, to realize its full
potential. The effective introduction of nanocrystalline particles in the abovementioned
applications requires careful investigation of the crystallite size of these particles to make the
most of their exceptional properties [1, 6, 7]. Almost all results show that the smaller the
particle size, the better the various properties, revealing the superior performance of
nanocrystalline titania. When heated, nanocrystalline anatase will coarsen and transform to
rutile, which will continue to coarsen much faster [8].
The ease of data collection in powder diffraction instruments, and their availability and
versatility make them indispensable tools for obtaining compositional, structural,
microstructural, and many other types of information. The extensive peak broadening and
possible overlapping inherent in studies of the patterns acquired from nanoparticles make the
phase determination process a very demanding and time-consuming one. Misidentification of
multiple phase systems, co-existing in closely related phases, as being single phase ones can
lead to deceptive results [9]. Therefore, full-pattern profile fitting techniques are extensively
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employed to assist in the phase identification process for quantification purposes. Among the
various established methods for the analysis of X-ray diffraction (XRD) patterns, the WarrenAverbach [10, 11] method is highly regarded as an elaborate and rigorous method for sizestrain analysis in order to evaluate three microstructural parameters, such as domain size
(<D>), and microstrain (<ε2>1/2). In this approach, the domain size and microstrain can be
assessed by expressing the observed XRD profile in the form of a Fourier series. The
coefficients used in this method are related to the deformation related and instrumental
effects. The instrumental effects can be determined by implementing Stoke’s method (i.e. by
deconvoluting the Fourier coefficients of the Fourier series into those obtained from the
profile of standard silicon [12]). Another approach is the Rietveld [13] refinement method (a
full-pattern fit method). The Rietveld method is a well-known powder-pattern fitting method,
which consists of adjusting a theoretical diffraction pattern, calculated on the basis of a model
of the crystal structure of the sample, with experimental recorded data. The method is most
applicable to XRD data as well as synchrotron and neutron diffraction data. There has also
been a trend to apply this method to electron powder diffraction data [4, 14].
The Rietveld method exhibits advantages over all the other methods. It takes into account the
whole fitting methodology for size-strain analysis, simultaneous refinement of the crystal
structure, and microstructural parameters, and is capable of eliminating preferred orientation
effects (if there are any [12, 15]). Considering all the benefits of the whole profile fitting
methodology, the Rietveld structure refinement procedure using MAUD software has been
adopted in the present study to address the effects of the annealing temperature and
atmosphere as the operative parameters on the phase structure, phase composition, and
crystallite size of nanocrystalline TiO2 powders prepared by the sol-gel method [16]. The
electrochemical properties of samples have also been investigated by the cyclic voltammetry
method.

Chapter 4: Synthesis of nanocrystalline TiO2 powder & its electrochemical properties

66

4.2 Synthesis of nanocrystalline TiO2 powder
Nanocrystalline TiO2 powders were prepared by the sol-gel technique as described in Chapter
3. As-synthesized powders were annealed in the temperature range from 580 ºC to 880 ºC
under air and argon atmospheres for 1 h. Four sets of experiments conducted under different
annealing atmospheres and annealing temperatures are listed in Table 4.1.
Table 4.1 Annealing conditions of the as-synthesized samples.
Sample

Annealing Temperature (ºC)

A

580

B

680

C

780

D

880

Annealing Atmosphere
Air
Argon
Air
Argon
Air
Argon
Air
Argon

Phase characterization of the obtained powder was conducted using X-ray diffraction (XRD).
The average crystallite size and relative weight percentages of the phases in the samples were
calculated via the Rietveld refinement method (RPM) using Materials Analysis Using
Diffraction (MAUD) software. The particle size and morphology were investigated using a
field emission scanning electron microscope (FESEM).

4.3 Physical characterization of synthesised nanocrystalline TiO2
powder
In order to determine the exact phase evolution in the TiO2 powders, it is essential to fit the
experimental powder diffraction pattern with a profile fitting function based on the crystal
structure and microstructure information. This methodology takes care of all reflections of
each phase present in such a multiphase material and provides a very accurate result. The
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experimental XRD pattern (dots) of the sample annealed at 580 ºC (set A), fitted with its
calculated counterpart (solid curve), is shown in Fig. 4.1. The differences between the
experimental and the fitted patterns are shown as the continuous line under each individual
diffraction pattern. The vertical bars at the bottom of the figure indicate the diffraction peak
positions of different TiO2 phases. This figure reveals that the samples completely consist of
anatase phase.

Fig. 4.1 XRD patterns of samples annealed at 580 ºC (set A) under argon (top) and air
(bottom) atmospheres.

Fig. 4.2 XRD patterns of samples annealed at 680 ºC (set B) under argon (top) and air
(bottom).
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The experimental XRD patterns (dots) of the samples annealed at 680 ºC (set B), fitted by the
theoretical patterns calculated based on their crystallographic file information (CIF), are
presented in Fig 4.2. From the difference plots between the experimental and the fitted
patterns, it is clearly evident that the experimental patterns have been fitted satisfactorily. It
can be observed that all these samples consist of anatase phase and a small hint of rutile
phase. In fact, annealing at higher temperature caused the rutile peaks to appear. This can be
attributed to the coarsening of the initial anatase grains with increasing annealing temperature
and subsequent coarsening of the final anatase grains [17].
As can be seen in Fig. 4.2, the intensity ratio of the anatase peak to the rutile one is higher for
the sample annealed under argon atmosphere than for the one annealed in air. Since the
anatase to rutile phase transformation involves an overall contraction of the oxygen structure
and a cooperative movement of ions, the removal of oxygen ions might be expected to
accelerate the transformation, whereas the formation of titanium interstitials would inhibit the
transformation. This implies that an argon atmosphere would accelerate the transformation.
Conversely, the presence of interstitials would increase the strain energy that would have to
be overcome and the bonds that would have to be broken, implying that an air atmosphere
would inhibit the transformation [18, 19]. This trend towards increase in the polymorphic
transformation with increasing annealing temperature and change of the annealing
atmosphere from air to argon can be observed by annealing the samples at 780 ºC (Set C).
Fig. 4.3 presents the experimental XRD patterns (dots) of samples annealed at 780 ºC fitted
with the corresponding simulated patterns (solid line). As can be seen in this figure, both
samples are composed of a combination of anatase and rutile phases. It is obvious that the
relative content of rutile phase in this set is higher than in sets A and B.
Annealing the samples at the higher temperature of 880 ºC (set D) completes the anatase to
rutile phase transformation in both atmospheres. Fig. 4.4 shows the experimental XRD
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patterns (dots) of these samples fitted with their theoretical counterparts (solid lines). Fig. 4.4
shows that the polymorphic transformation can be completed in all the samples by annealing
them at 880 ºC, whereas at lower annealing temperatures, the transformation rate in the
samples annealed under argon atmosphere is higher than for the samples annealed in air.

Fig. 4.3 XRD patterns of samples annealed at 780 ºC (sample C) under argon (top) and in air
(bottom) atmospheres.

Fig. 4.4 XRD patterns of samples annealed at 880 ºC (sample D) under argon (top) and in air
(bottom) atmospheres.
Fig. 4.5 shows the variation in the rutile phase fraction after the anatase to rutile phase
transformation, calculated using the Rietveld refinement method for the samples annealed in
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air and under argon atmospheres. It can be observed that the phase transformation
progression in both samples obeys a sigmoid shape and that the rate of the phase
transformation in the powders annealed under argon atmosphere is higher than in the samples
annealed in air. As mentioned above, kinetic considerations suggest that the oxygen partial
pressure of the annealing atmosphere may have an influence on the concentration of oxygen
vacancies in the TiO2 lattice. An annealing atmosphere with low partial oxygen pressure
favours the formation of oxygen vacancies and consequently accelerates the phase
transformation of anatase [5]. Therefore, in the nanocrystalline TiO2 powders annealed in air
and under argon atmospheres, the transformation rates of anatase are different, although the
temperatures experienced by the powders are the same. More oxygen vacancies form in the
argon-annealed TiO2 powder due to the lower partial oxygen pressure, which enhances the
transformation of anatase.

Fig. 4.5 Variation of rutile phase fraction with increasing annealing temperature.
Fig. 4.6 shows the change in anatase crystallite size with increasing annealing temperature in
samples annealed under argon and in air atmospheres. This figure demonstrates that the mean
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crystallite size of the anatase phase increases with increasing annealing temperature in both
samples.

Fig. 4.6 Mean crystallite size of anatase phase versus annealing temperature, as calculated by
the Rietveld refinement method.
As a rule, nanostructured materials contain a large number of disordered surface atoms,
which possess greater energy than the inner atoms. As the size of a grain becomes smaller, its
surface area increases, and the surface atoms exhibit higher mobility, which leads to a greater
defect content, thus further increasing lattice deformation. Previous studies have shown that
nanocrystalline TiO2 is typically oxygen-deficient [8]. Fig. 4.7 shows the calculated lattice
parameters of anatase phase in the samples annealed in air and under argon atmospheres at
the temperatures of 580 ºC, 680 ºC, and 780 ºC. As can be seen, the a and c lattice parameters
in the samples annealed under argon atmosphere are smaller than in the air annealed samples,
probably due to the partial oxygen depletion.
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Fig. 4.7 (a) The a lattice parameter, and (b) the c lattice parameter of anatase phase for the
samples annealed in air and under argon atmospheres at different temperatures of 580 ºC, 680
ºC, and 780 ºC.
Fig. 4.8 shows two FESEM micrographs of the annealed samples. As can be seen, the sample
annealed at 580 ºC (Fig. 4.8(a)), consisting of fully anatase phase, has smaller particles than
the one annealed at 880 ºC (Fig. 4.8(b)), consisting of fully rutile phase. The larger particle
size in the sample annealed at 880 ºC can be ascribed to the higher annealing temperature,
which favours grain growth in order to decrease the interfacial energy of the system [20]. The
other noticeable point is the fairly good agreement between the crystallite size, obtained from
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the Rietveld refinement calculated for the XRD patterns, and the particle size observed in the
FESEM micrographs for the sample annealed at 580 ºC, which means that each particle
consists of just one crystallite. Since the particle size of the samples annealed at 880 ºC is
larger than the upper detection limit of X-ray diffraction analysis based on the Rietveld
method, the Rietveld method cannot be used to fully describe the pattern and therefore cannot
be employed to determine the particle size [21]. So, the calculated mean crystallite sizes of
the rutile phase are not reported here.

Fig. 4.8 FESEM micrographs of nanocrystalline TiO2 powders annealed (a) at 580 ºC in air
and (b) at 880 ºC under argon atmosphere.
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4.4 Electrochemical characterization of the synthesised
nanocrystalline TiO2 powder
In order to investigate the effects of the annealing atmosphere on the electrochemical
properties of the nanocrystalline TiO2, the samples annealed at 780 ºC (set C) were chosen
for studying the electrochemical performance. Working electrodes were prepared as
described in Chapter 3. Cyclic voltammetry (CV) is usually the first method used to measure
the performance of working electrodes in supercapacitor applications. A conventional cell
with a three-electrode configuration was used for electrochemical characterization. A
platinum sheet and an Ag/AgCL (KCl saturated) electrode were employed as the counter and
reference electrodes, respectively. The CV tests on the prepared electrodes were carried out at
potentials between -0.2 V and 0.6 V using 1 M KCL aqueous electrolyte solution at different
scan rates ranging from 1 mV s-1 to 100 mV s-1. The CV responses of the samples at different
scan rates (1 mV s-1 to 10 mV s-1) are plotted in Fig. 4.9.
The shape of the CV curve for both samples, whether annealed in air or argon, is maintained,
even at a high scan rate of 10 mV s-1. This indicates rapid diffusion of electrolyte ions from
the solution into the pores of the electrode [22].
The calculated specific capacitance per electrode (Cs) was obtained by Eq. 4.1.
Cs= I/[(dV/dt)× m)]

(F g-1)

(4.1)

Where, Cs is the specific capacitance, I is the charge-discharge current, dV/dt is the scan rate,
and m is the mass of active material.
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Fig. 4.9 Overlaid CV curves of nanocrystalline TiO2 powder annealed under (a) argon and (b)
air atmospheres, using 1 M KCl solution at different scan rates.
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Fig 4.10 Calculated specific capacitance of nanocrystalline TiO2 powders annealed under
argon and air atmospheres at different scan rates.
The calculated specific capacitances of the nanocrystalline TiO2 powders annealed under
argon and in air were calculated to be 0.15- 0.92 F g-1 (or a normalized value per unit area of
33-200 µF cm-2), and 0.07-0.64 F g-1 (or a normalized value per unit area of 15-145 µF cm-2),
respectively, as the applied scan rate decreases from 100 mV s-1 to 1 mV s-1.
No peaks were observed for the air- or argon annealed working electrodes, as would be
expected for double layer capacitors in which charge storage is based on a non-faradic
mechanism [22].
Based on the literature, TiO2 has a very low specific capacitance of 10-40 µF cm-2 in the
charge-discharge process [23-25], although some area normalized capacitance values as high
as 90-120 µF cm-2 have been reported for anatase nanoparticles, suggesting that there is a
pseudocapacitive contribution to the electrochemical energy storage [26]. As can be seen in
Fig. 4.10, the highest capacitance of TiO2 powder annealed in air is comparable to the values
previously reported in the literature. It was found, however, that introducing an inert
atmosphere can increase the capacitance up to 200 µF cm-2. The effects of an oxygen depleted
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structure and the anatase to rutile phase transformation on the charge-discharge process will
be further studied and reported in the following chapters.

4.5 Summary
The effects of the annealing temperature and the annealing atmosphere on the structural
evolution of nanocrystalline TiO2 powders prepared by the sol-gel method were investigated.
It was observed that the transformation of anatase to rutile in all samples began at 580 ºC and
was completed at 880 ºC, regardless of the annealing atmosphere. The transformation rate of
anatase to rutile was accelerated, however, by annealing the powders under argon
atmosphere, due to the decreased partial oxygen pressure of the annealing atmosphere, which
favours the formation of oxygen vacancies in the nanocrystalline TiO2 particles. Good
agreement was found between the particle size in FESEM micrographs and the calculated
results for the mean crystallite size based on the Rietveld refinement method, which means
that the particles are single crystallites.
In addition, the electrochemical properties of pairs of samples which experienced the same
annealing temperature but annealing different atmospheres were studied by the cyclic
voltammetry method. It was found that introducing an inert atmosphere during annealing
would result in improved charge storage properties for nanocrystalline TiO2 powder.
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Chapter 5: Highly ordered TiO2
nanotube arrays & their
electrochemical properties
5.1 Introduction
Nanostructured materials are playing an important role in the field of electrochemical
capacitors and have been receiving remarkable attention, as they offer the combination of
nanoscale dimensions with a highly defined geometry and a very high surface area. This may
allow, in some cases, for entirely new properties, but in many cases, for the amplification of
the established properties of materials.
Due to its exceptional characteristics and strikingly high potential for practical applications,
titanium dioxide has been considered as a serious candidate for many applications over the
past few decades [1-6]. Among the different methods introduced for the preparation of titania
nanotubes, anodic oxidation of titanium foil has been extensively investigated [7-11]. This
method offers suitably back-contacted nanotube layers on the substrate, which can be
employed directly as an electrochemical device or a probe [2-4, 12]. The details of this
method are further addressed in the following chapter. Due to their interesting
semiconducting properties, highly accessible surface, electrochemical behaviour, and longterm chemical stability, recently self-organized titania nanotubes have been recently used as
an alternative or a co-material with other metal oxides for making supercapacitor electrodes
[13-16].
It is widely believed that the bare titania has low electrochemical capacitance due to its high
electric resistance and low specific surface area. In general, titania would resemble
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conventional electric double layer capacitors, which contribute a non-faradic mechanism with
a very low specific capacitance of 10-40 µF cm-2 in the charge-discharge process. So far,
highly ordered three-dimensional networks of TiO2 nanotubes have just been used as a
support to fabricate composite electrodes for electrochemical capacitor applications [15, 17].
This chapter addresses the electrochemical behaviour of titania nanotubes and nanocrystalline
titania powders. These electrochemical properties demonstrate that titania nanotubes have
great potential as electrochemical supercapacitor electrodes.

5.2 Preparation of TiO2 nanotube arrays and nanocrystalline TiO2
powder as working electrodes
The anodization was conducted on Ti foil, as described in Chapter 3. The electrolyte
consisted of 0.2 wt% NH4F dissolved in a solution of glycerol and de-ionized water (9:1 in
volume ratio). The anodization was performed under a constant voltage of 15 V for 17 h.
After being dried in air, the nanotubes were annealed at temperatures of up to 630 ºC under
an argon atmosphere for 2 h. Nanocrystalline titania powder was synthesized via a sol-gel
method. The final white slurry was filtered, dried, and then annealed at 780 ºC for 1 h under
argon atmosphere. To investigate the surface morphology and microstructure of TiO2
nanotubes and nanocrystalline powders, field emission scanning electron microscopy
(FESEM), X-ray diffraction (XRD), and the glancing angle XRD (GAXRD) method were
employed.
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5.3 Physical properties of nanocrystalline TiO2 powder and TiO2
nanotube arrays
In this chapter, a powder sample (TiO2/powder) with almost the same phase composition as
titania nanotubes (TiO2/NT) was selected in order to compare the electrochemical properties
of two different shapes of nanostructured TiO2. Due to the different structural shapes of the
nanotubes and nanopowder, different heat treatment regimes were chosen to achieve samples
with almost the same phase composition. Fig. 5.1(a) and (b) shows a GAXRD pattern of
TiO2/NT and an XRD pattern of TiO2/powder, respectively. Fig. 5.1(a) demonstrates that
annealing at 630 ºC leads to the formation of a combination of anatase and rutile phases.
From the XRD pattern of the nanocrystalline TiO2 powder in Fig. 5.1(b), the average
crystallite sizes of anatase and rutile phases were calculated, using Scherrer’s equation, to be
45 and 64 nm, respectively. Such estimation from the XRD pattern for the TiO2 nanotube
arrays is impossible, however, due to the peak overlapping of the TiO2 layer and the Ti
substrate. The relative weight percentage of the anatase phase was also calculated from the
Spurr and Myers equation (Eq. 5.1) [18] to be 37% and 53% for the TiO2/NT and
nanocrystalline TiO2 powder, respectively.
WA=

.

(5.1)

where, WA is the weight fraction of anatase phase in the mixture, and IR and IA are the
intensities of the diffraction peaks of the rutile and anatase phases, respectively.
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Fig. 5.1 (a) GAXRD pattern of TiO2/NT
annealed up to 630 ºC for 2 h and (b) XRD
pattern of TiO2/powder annealed at 780 ºC
for 1 h under argon atmosphere.

Fig. 5.2(a-d) shows side and top views of FESEM micrographs of TiO2 nanotubes (TiO2/NT)
synthesized by the anodic oxidation method. The average inner diameter, wall thickness, and
length of the TiO2 nanotubes measured from the FESEM images are approximately 40-60
nm, 10-20 nm, and 800-1000 nm, respectively. As can be seen in Fig. 5.2(a-b), titania
nanotubes are ordered and vertically aligned on the surface of the Ti substrate. The formation
of nanotubes over the whole surface of the Ti substrate was also confirmed by FESEM
micrographs (Fig. 5.2(c-d)). As is common with almost all anodic approaches, the side walls
of the tubes exhibited irregularities, resulting in some moderate thickness variations (ripples),
which are typical of low viscosity electrolytes containing glycerol [15, 19]. This thin sheet of
nanotubes can potentially act simultaneously as both an active material and a current
collector.
Fig. 5.3 shows a FESEM micrograph of nanocrystalline TiO2 powders annealed at 780 ºC for
1 h. As can be seen, the sample consists of a fairly fine distribution of spheroidal particles
with an average particle size in the range of 30-100 nm. Good agreement was found between
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the particle sizes measured from FESEM micrographs and the calculated results for the
crystallite size, which means that each particle consists of a single crystallite in most cases. In
terms of morphology, the spherical particles obtained here are of interest: Firstly, the
spherical shape results in higher surface contact between the material and the electrolyte,
which consequently leads to the enhancement of the electrochemical activity, and secondly,
this morphology contributes to a higher packing density, subsequently resulting in a higher
volumetric energy density [20]. Finally, the nanoscale dimensions of the particles result in an
increase in the total stored charge, which includes both double layer and pseudocapacitive
effects [21]. Particular attention must be paid, however, to the subsequent processing of the
nanosized powders to prepare the active films because in most cases, they tend to reagglomerate into large-size grains. An alternative way to produce porous films is by growing
nanotubes, as has been shown in this work, or nanorods, which facilitate access to the active
material.

5.4 Comparing the electrochemical properties of nanocrystalline TiO2
powder and TiO2 nanotube arrays
The aligned titania nanotubes (TiO2/NT) grown on the surface of the Ti substrate were used
directly as the working electrode. In addition, the electrochemical properties of TiO2/NT were
compared with those of the working electrode made of nanocrystalline TiO2 powder prepared
according to the procedure described in Chapter 3. Electrochemical measurements were
performed in 1 M KCl aqueous solution. A platinum sheet and an Ag/AgCl (KCl saturated)
electrode were used as the counter and reference electrodes, respectively. An electrochemical
workstation (CHI660B, CH Instruments, Inc.) with facilities for cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) was employed to investigate the specific
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capacitance of the electrodes. CV testing was conducted over a voltage range of -0.2 to 0.6 V
at various scan rates (1 mV s-1 to 100 mV s-1).

Fig. 5.2 (a)-(b) Cross-sectional, and (c)-(d) top view FESEM images at different
magnifications of TiO2/NT prepared by the anodic oxidation method.

Fig. 5.3 (a)-(b) FESEM images of nanocrystalline TiO2/powder prepared by the sol-gel
method and annealed at 780 ºC for 1 h.
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The CV curve of an ideal electrochemical double layer capacitor shows the characteristics of
a rectangular mirror image with respect to the zero-current line [15]. Although some area
normalized capacitance values as high as 90-120 µF cm-2 have been reported for anatase
nanoparticles, suggesting a pseudocapacitive contribution to the electrochemical energy
storage [21], based on the literature, titania would contribute a non-faradic capacitance, with
a very low specific capacitance [16, 22, 23].
Overlaid CV curves of the TiO2 nanotube arrays at different scan rates ranging from 1 mV s-1
to 100 mV s-1 are plotted in Fig. 5.4(a). As can be seen, the shape of the CV curves is
maintained, even at a high scan rate, which indicates a rapid diffusion of electrolyte ions from
the solution into the pores of the electrode.
Fig. 5.4(b) shows a comparison of the overlaid CV curves of the TiO2/NT and TiO2/powder
electrodes at the scan rate of 100 mV s-1. The CV curves of both working electrodes exhibited
an almost rectangular shape, indicating good charge propagation within the electrodes and
therefore, good capacitive behaviour of the electrodes based on the non-faradic mechanism.
In addition, the relatively linear increase of the current density with increasing scan rate (Fig.
5.5) demonstrates that the charge is primarily non-faradic in nature, and the contribution of
the faradic part might be very little, if it exists at all [24].
In order to compare the specific capacitance of two samples, the area normalized specific
capacitance is used. The calculated specific capacitance of both working electrodes is plotted
against the scan rate, as shown in Fig. 5.6. As is evident, the capacitance values of the
TiO2/NT and TiO2/powder are in the range of 538-911 µF cm-2 and 33-181 µF cm-2,
respectively, as the applied scan rate is decreased from 100 mV s-1 to 1 mV s-1.
According to the obtained results, the specific capacitance of the titania nanotube electrode is
higher than that of its powder counterpart. In addition, the obtained values for both types are
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several times higher than the values reported for conventional double layer supercapacitors
[25].

.
Fig. 5.4 (a) Overlaid CV curves obtained from TiO2/NT at different scan rates (1 to 100 mV
s-1), and (b) comparable CV curves of TiO2/NT and nanocrystalline TiO2/powder obtained in
1 M KCl at the scan rate of 100 mV s-1.
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Fig. 5.5 Current density vs. scan rate curves of TiO2/NT and nanocrystalline TiO2/powder.

Fig. 5.6 Calculated specific capacitances at different scan rates of TiO2/NT and
nanocrystalline TiO2/powder.
It is well known that high surface area and interconnectivity of the active materials will
enhance the capacitive properties [26]. The advantage of TiO2 nanotube layers produced by
electrochemical anodization is that they are suitably back-contacted to the titanium substrate
and form a structure that is oriented, aligned, and perpendicular to the substrate, which offers
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greatly improved electron transfer pathways compared to non-oriented structures (powder)
[17]. It is well known that high conductivity of the active materials will enhance capacitive
properties. Higher conductivity can be further investigated in terms of geometrical aspects.
Highly ordered nanotube arrays can be viewed as nanostructures with direct pathways for
electron transfer, which greatly reduces the disturbance from interparticle connections,
offering the possibility that the initially low conductivity of titania structures can be
overcome. Moreover, as proposed in the literature, these channels, as a form of open porosity,
facilitate the ionic mass transfer through mesopores by providing pathways through which the
dynamic sheath of solvent molecules, the solvation shell, can easily pass. The higher ionic
mass transfer consequently results in higher capacitance values. Therefore, it can be
concluded that these oriented self-organized TiO2 nanotube arrays exhibit great potential as
electrochemical supercapacitor electrodes [27].

Fig. 5.7 Overlaid Nyquist plots of TiO2/NT and nanocrystalline TiO2/powder, and the inset
shows the high frequency part of the Nyquist plots.
EIS measurements were carried out between 100 kHz and 1 Hz using a 5 mV rms sinusoidal
modulation. Fig. 5.7 shows typical Nyquist plots of the two types of titania, with high
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frequency regions of the spectra shown in the inset. Polycrystalline titania samples usually
show a distinct or overlapping semicircular arc corresponding to bulk and grain boundary
responses, which corresponds to the charge transfer limiting process ascribed to the double
layer capacitance (Cdl) in parallel with the charge transfer resistance (Rct) at the contact
interface between the electrode and the electrolyte solution. As is vividly shown in the inset
to Fig. 5.7, however, no semicircle was observed in either sample, indicating that the charge
transfer in these working electrodes is good enough for them to be used in supercapacitor
applications, and there is virtually no indication of electrical resistance. In addition, the slope
for the nanocrystalline TiO2/powder electrode remains constant, whereas the slope for the
TiO2/NT electrode increases at low frequencies. This represents the ion diffusion in the
tubular structure of the electrode, indicating pure capacitive behaviour. The slope of the curve
in the low frequency region is called the Warburg resistance and is a result of the frequency
dependence of ion diffusion from the electrolyte to the electrode interface. These remarkable
results demonstrate the exciting commercial potential for high performance, environmental
friendly, and low-cost electrical energy storage devices based on this new type of material.

5.5 Summary
Two types of titania nanostructures, including titania nanotube arrays and nanocrystalline
TiO2/powder, were fabricated through different routes for electrochemical supercapacitor
applications. Both electrodes demonstrated exceptionally high values compared to the
conventional titania used in supercapacitor applications. Moreover, the highly ordered titania
nanotube arrays exhibited distinct advantages, such as providing rigid tubular channel paths
and highly active surface sites for ion diffusion and charge transfer, resulting in capacitance
values (538-911 µF cm-2) several times higher than those of conventional double layer
supercapacitors.
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Chapter 6: Controlled transition in
nanotubular TiO2 structures: from
nanotubes to hybrid structures
6.1 Introduction
The concept of self-organization, as one of the only few practical strategies to prepare
ensembles of nano-architectures, is central to various aspects of our lives, from the evergrowing multidisciplinary field of nanomaterials to different aspects of biological systems [14]. Self-organization processes give us the required levels of control to manipulate dynamic
systems based on the final properties we seek. This control, if exercised correctly, can result
in dynamic self-assembly of multifunctional nano-architectures. As a subgroup of these
multifunctional nano-architectures, self-ordered tubular oxide materials have attracted
tremendous scientific interest. Their porous geometry also typically offers higher surface area
and highly active surface sites on the tube walls, which are of potential interest in electronic
applications [5, 6]. Among these, anodized titania nanotubes (NTs) have been proposed to
exhibit unique electron transport properties, putting them in the forefront of enabling
technologies for the next generation of sensors [7, 8], photocatalytic devices [9, 10],
photoelectrochemical cells, micro-supercapacitors for portable electronic devices [11, 12],
dye sensitized solar cells (DSSCs) [1, 13, 14], and biomedical devices [15-17]. Fabrication
routes for these compelling architectures are typically based on a process involving facile
anodization of metal sheets. Over the past decade, the anodic oxidation of titanium in
different types of electrolytes, mostly containing fluoride ions, has been extensively used as a
widely applied bottom-up strategy to fabricate highly ordered multifunctional titanium oxide
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nano-architectures [6, 18]. In addition, the diameter, length, and smoothness of nanotubes can
be easily controlled by varying the electrochemical parameters [19]. There are still many
fundamental gaps, however, which hinder us from achieving full control over the whole
process. To create tailor-made structures for desired patterns and applications, many
parameters need to be precisely controlled. Rational design and processing are critical to the
fabrication of high performance architectures. The characteristic properties of the system
including the chemical environment, charges in the system, concentration of solutes, and
electrochemical properties determine the interactions among individual components present
in the system. The modification and control of these interactions, therefore, enables us to put
boundaries on the process, and control and design the architecture.

6.2 Transition from porous to tubular structures
A continuous transition from a porous to a tubular structure has been suggested for
aluminium (Al), and some other metals such as zirconium (Zr), hafnium (Hf), and their
alloys, using a fluoride-containing electrolyte [20]. In fact, during the oxide growth, a
fluoride-rich layer is formed due to the fluoride accumulation on the cell boundaries. This
layer would be further dissolved by the H2O in aqueous electrolyte, leading to the formation
of individual tube shapes. Fig. 6.1 illustrates the formation of a tubular morphology from an
originally porous morphology by selective dissolution of fluoride-rich layers by H2O in the
electrolyte. Under the same anodization conditions, an ordered porous alumina oxide and a
tubular titania morphology are obtained, which can be ascribed to the high solubility of Ti-F
or Ti-O-F compounds in aqueous media, compared to the much lower solubility of Al-F
species in aqueous electrolyte [15]. Therefore, two parameters, the fluoride concentration and
the water content in the electrolyte, can determine whether the oxide structure will switch
from nanoporous to nanotubular morphology [15, 20].
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Fig. 6.1 Transition from a porous to tubular structure (left to right), and formation of a tubular
structure by selective dissolution of fluoride-rich layers by H2O in the electrolyte.

6.3 Hybrid structured TiO2
As an established fact, the formation of nanoporous structured titania could only occur under
very strict anhydrous conditions, requiring a glove box and anhydrous solvents, due to the
high solubility of Ti-F or Ti-O-F compounds in aqueous media [18, 20]. In this PhD study,
however, tailored anodization of Ti foil in electrolytes with different water contents led to
fine-tuning of the porous morphology, ranging from hybrid systems containing both
nanopores and nanotubes to a defect free nanotubular system. Field emission scanning
electron microscopy (FESEM) was employed to investigate the surface morphology and
microstructure of the synthesized TiO2 nanolayers.

6.3.1 Synthesis of nanoporous structured TiO2
TiO2 nanolayers were made via the anodic oxidation method, with a two-electrode
configuration set-up including Ti foil (99.7% purity, Sigma) as anode and platinum foil as
cathode. The anodization was performed in a range of different electrolytes containing 0.2
wt% NH4F mixed with ethylene glycol and different volumetric ratios of de-ionized H2O:
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0.4, 4, 7, 10, and 15 vol.% The synthesis process was conducted in a thermostatic water bath
to keep the temperature of the electrolyte constant in ambient atmosphere. The anodization
was performed under a constant voltage of 15 V for 17 h. After being dried in air, samples
were annealed at 550 °C under argon atmosphere for 1 h.

6.3.2 FESEM investigations
Figs. 6.2 to 6.6 show FESEM images of the titania nanolayers grown by anodization of Ti
foil in different electrolytes with varying volumetric ratios of de-ionized water: 0.4, 4, 7, 10,
and 15 %. In the top-view FESEM images, a transition from mesoporous to nanotubular
structure in anodized titania nanolayers can be detected. In other words, the morphology of
the obtained titanium oxide layers strongly changes on increasing the water content of the
electrolyte. The post-ion-milled top view FESEM image of anodic TiO2 in the electrolyte
containing 0.4 vol.% H2O (see Fig. S 1.1 in Appendix 1), however, clearly shows that
individual tubes are obtained underneath the porous structure. Fig. 6.2 represents the irregular
exotic mesoscale porosity that is formed on top of the titania nanotubes anodized in the
lowest water content electrolyte (0.4 vol.% H2O). Upon increasing the water content, this
irregular hybrid structure is transformed into an ordered hybrid structure with dense walls, as
evidenced by Fig. 6.3. In contrast, a well separated nanotubular structure was formed by
using an electrolyte with much higher water content (Figs. 6.4 to 6.6).
Cross-sectional FESEM images of the samples anodized in higher water content (7-15 vol.%
H2O) demonstrated the formation of well-separated bamboo-type tubes, which clearly show a
decreasing trend in their outer diameter along the tube length from the bottom to the top,
resulting in a semi-conical tube shape. In the sample which is anodized in lower water
content, however, the tubes are tightly packed and form bundled nanotubes. These tubes are
prone to grow straight from the bottom to the top without any variation in the outer diameter.
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The thickness of the different anodic TiO2 nanolayers slightly changes with respect to the
viscosity of the electrolyte. The thickness of the TiO2 nanolayers anodized in NH4Fcontaining ethylene glycol electrolyte and different amounts of water, 0.4, 4, 7, 10, and 15
vol.%, is estimated to be around 1300, 1100, 970, 950, and 550 nm, respectively.

Fig. 6.2 (a) Top and (b) cross-sectional view FESEM images of anodized TiO2 in electrolyte
containing 0.4 vol.% H2O.

Fig. 6.3 (a) Top and (b) cross-sectional view FESEM images of anodized TiO2 in electrolyte
containing 4 vol.% H2O.
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Fig. 6.4 (a) Top and (b) cross-sectional view FESEM images of anodized TiO2 in electrolyte
containing 7 vol.% H2O.

Fig.6.5 (a) Top and (b) cross-sectional view FESEM images of anodized TiO2 in electrolyte
containing 10 vol.% H2O.
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Fig.6.6 (a) Top and (b) cross-sectional view FESEM images of anodized TiO2 in electrolyte
containing 15 vol.% H2O.

6.3.3 Pore diameter
The electrochemical conditions, such as the applied potential, anodization time, viscosity, and
the pH of the electrolyte play crucial roles during the anodization process in the resultant tube
diameter, tube length, and overall morphology [21]. Among all these parameters, the tube
diameter plays the most crucial role in determining the final properties of the material. To
check the diameters of the tubes, image processing was performed on FESEM images to
measure the inner pore diameters of TiO2 nanolayers anodized in electrolytes with different
viscosities by the use of image analysis software "Image J". Figs. 6.7 to 6.11 illustrate the
corresponding pore diameter distribution histograms of TiO2 nanolayers anodized in
electrolytes with different water content.
The inner pore diameter of the samples anodized in electrolyte with 0.4, 4, 7, 10, and 15
vol.% water content electrolytes was measured to be 12, 18, 35, 41, and 48 nm, respectively,
as plotted in Fig. 6.12. According to the literature [21], there is a linear relationship between
the applied potential (V) and the tube diameter (D). It should be noted, however, that any
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changes in the mobility of the components in the system can manifest itself by modifying the
interactions among components, resulting in quite drastic changes in the final characteristics
of the tubes, including the diameter. The parameter through which the fluidity of the system
can be assessed is the viscosity. Therefore, in this PhD study, a modified formula is proposed
which also takes into account the viscosity of the system (Eq. (6.1)).
95

.

(6.1)

η

where, fg is the growth factor for anodic oxide (e.g. 2.5 nm V-1 for TiO2), and η is the
viscosity of the electrolyte (mPa s).

Fig. 6.7 Pore diameter distribution histogram of TiO2 nanotube anodized at applied potential
of 15 V in electrolyte containing 0.4 vol.% H2O.
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Fig. 6.8 Pore diameter distribution histogram of TiO2 nanotube anodized at applied potential
of 15 V in electrolyte containing 4 vol.% H2O.

Fig. 6.9 Pore diameter distribution histogram of TiO2 nanotube anodized at applied potential
of 15 V in electrolyte containing 7 vol.% H2O.
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Fig. 6.10 Pore diameter distribution histogram of TiO2 nanotube anodized at applied potential
of 15 V in electrolyte containing 10 vol.% H2O.

Fig. 6.11 Pore diameter distribution histogram of TiO2 nanotube anodized at applied potential
of 15 V in electrolyte containing 15 vol.% H2O.
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Fig. 6.12 Pore diameter variation versus electrolyte viscosity for TiO2 nanotube anodized at
applied potential of 15 V in electrolytes containing different vol.% H2O.

6.3.4 Mechanism of formation of hybrid structured TiO2
As a well described phenomenon, an extended anodization process would result in chemical
etching of the earliest formed tubes and the formation of nanograss or initiation layer
remnants on top of the tubes due to acidity, local temperature, stress, and ion diffusion [2224]. These are undesirable features which adversely affect the tubular properties of TiO2 in
possible applications. In the present study, however, these layers resembled a mesoporous
structure entirely covering the outermost layer of titania nanotubes.
As discussed in Chapter 2, the formation of self-organized TiO2 nanotubes is generally
ascribed to the migration of mobile ions (i.e. F- and O-2), which results in the formation of a
fluoride-rich layer [TiF6]2- at the metal/oxide interface. This fluoride-rich oxide layer is then
prone to chemical dissolution [20, 25, 26]. Indeed, the formation of titania nanotube layers
via anodic oxidation is a compromise between oxide growth and oxide dissolution, in which
the viscosity of the electrolyte and the fluorine ion concentration play crucial roles [5, 18,
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19]. The pore to tube transition in pure anodic TiO2 has been observed under very strict
anhydrous conditions. A tubular morphology is almost always obtained, even if the water
content in the electrolyte is kept below 1%. Therefore, just controlling the water level does
not suffice for achieving a nanoporous structure. For obtaining nanoporous morphology, it
has been suggested that employing intensive dry glove box processing and anhydrous
solvents are always an integral part of the process [18, 27]. In a recent work [25], it has also
been suggested that a cold-working pre-treatment of the Ti foil is necessary to observe the
evolution in TiO2 morphology from pore to tubular structure.
During the anodization process, chemical dissolution of [TiF6]2- is highly influenced by the
pH value [26, 28]. Indeed, applying an anodic potential produces a pH gradient in the pore, as
a high pH value is established at the pore mouth and acidification takes place at the bottom of
the tube where the dissolution rate is accelerated [26]. In fact, in more viscous electrolytes
(i.e., 0.4% and 4% water content), such pH profiles could be established throughout the tube
and led to retarded etching of the side wall of the tube, resulting in the formation of long and
smooth nanotubes. Whereas, introducing a higher amount of water causes electrolysis to also
occur on the whole surface of the nanotube and results in the creation of bamboo-shape tubes
[28].
With the same anodization period, the longer tubes tend to deflect and become attached
together due to the high surface tension. Therefore, in lower water content electrolytes (0.4
and 4 vol.% H2O), the tips of tubes tend to deflect and are prone to etching due to high
viscosity and lower diffusion (according to the Stokes-Einstein equation, Eq. (6.2)), and
results in the formation of exotic mesoporous structure. Furthermore, capillary forces that
arise during anodization are also found to cause deflecting and bundling of the titania
nanotubes. The capillary force exerts a bending moment on the NTs, which can cause their
deflection, which, in turn, can create bundled NTs and cracks in the films [29].
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D = (kB×T)/(6πηR)

(6.2)

where D is the diffusion coefficient, η is the viscosity of the medium, kB is Boltzmann’s
constant, R is the Reynolds number, and T is the temperature. The maximum lateral
deflection of nanotubes (δ) at the end farthest from the substrate is given in Eq. (6.3) [29]:

δ=FL3/3EI

(6.3)

where F is the capillary force between two adjacent nanotubes, L is the length (or thickness)
of the tubes, E is the Young’s modulus, and I is the cross-sectional second moment (also
known as the second moment of area), which is a measure of the resistance of an object with
a particular shape to bending or deflection. Therefore, the larger the tubes, the more easily the
tubes are deflected by a given capillary force [29]. The effect of titania nanolayer thickness
on the extent of bundling of the anodized TiO2 in different electrolytes is consistent with Eq.
(6.3). The deflected tubes are, therefore, bundled together and create grain boundaries and
imperfections on top of the tube surface. Such imperfections are highly reactive sites prone to
chemical attack by fluorine ions and more vulnerable to chemical etching. Thus, the higher
density of imperfections would result in a more vigorous etching process and lead to irregular
nanoporous structure [25].
The advantage of this hybrid structure is that the nanoporous structure covers the entire tube
surface. The adhesion of this layer is quite strong as it cannot be peeled off from the top
surface. The formation of this hybrid structure can be attributed to the low anodic potential
(15 V) used in this study, which facilitates the concurrent etching and bundling.
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6.4 Electrochemical performance of hybrid structured TiO2
As distinct morphological varieties, samples which were anodized in electrolytes containing
0.4, 4, and 10 vol.% H2O were chosen for further electrochemical measurements. Cyclic
voltammetry (CV), charge-discharge testing (CD), and electrochemical impedance
spectroscopy (EIS), using a conventional three-electrode system, were carried out to evaluate
the practical performances of the obtained TiO2 morphologies. CV tests were conducted over
a voltage range of -0.6 to 0.3 V at various scan rates (from 1 to 100 mVs-1), using 1 M NaOH
aqueous electrolyte solution. Comparative CV curves obtained at the scan rate of 1 mVs-1 and
specific capacitance calculated at different scan rates for the three different TiO2 nanolayers
are plotted in Fig. 6.13(a-b), respectively.
The increased area under the curves demonstrates a significant enhancement in capacitance of
the titania nanotubular structures. The calculated specific capacitance of titania nanolayers
anodized in electrolyte containing 0.4, 4, and 10 vol.% H2O, at a scan rate of 1 mV s-1 is 178,
244, and 473 µF cm-2 respectively, which is higher than the values reported for conventional
TiO2 based supercapacitors (10-40 µFcm-2) [30]. The specific capacitance of all three
electrodes is decreased by increasing the scan rate, as is expected due to the diffusion
limitation in the pores [31].
It is well established that high surface area and better interconnectivity of the active materials
enhance the capacitive properties [12, 32]. As a matter of fact, the porous geometries are
more favourable in charge transfer applications due to their capacity to offer more active
surface area and unique charge pathways [5]. The advantage of TiO2 nanolayers produced by
electrochemical anodization is that they are suitably back-contacted to the titanium substrate,
while the morphology can change from porous to tubular depending on the electrochemical
conditions [18]. The charge resistance of the nanotubes and porous morphology is more
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decreased when the length of the tubes is in the order of few hundred nanometers [33]. In the
present study, anodization in low water content electrolytes, i.e. 0.4 %, and 4 vol.% H2O,
resulted in the formation of an exotic irregular and regular nanoporous titania, respectively.
Whereas, using higher amounts of water, 10 vol.% H2O, led to the formation of well-aligned
and perpendicular nanotubular structures. Based on the CV results, a considerable
enhancement in the electrochemical properties of titania nanolayers can be achieved when
well separated titania nanotubes are formed on the surface of titanium substrate. Such a
remarkable morphology offers uninterrupted charge transfer pathways, while the hybrid
geometry cannot afford the same level of high quality charge transfer pathways. It can be
concluded that the nanotubular morphology is preferable by far in terms of capacitance
compared to the hybrid structures, as the thickness of these structures is higher than for the
nanotubular structure. Photocatalytic tests were also carried out to evaluate the
photodegradation performance of the obtained TiO2 nanolayer structures (see Appendix 1).
Unlike the solar cell applications [22] and photocatalytic measurements (Fig. S 1.2, Appendix
1), the shorter electron pathways are more favourable for supercapacitor applications. The
lower total capacity of the mesoporous structure can also be attributed to the much lower
number of accessible sites for the electrolyte solvent molecules in the charge-discharge
process. Consequently, it can be assumed that a morphology that can afford higher
conductivity can overcome the charge transfer resistivity within the active material, resulting
in a higher level of charge propagation and thus higher capacitance [34]. In fact, in the case
of well-separated nanotube arrays in 10 vol.% H2O electrolyte, the interparticle connectivity
results in lower disturbance, thus overcoming the lower conductivity of titania structures.
The electrochemical performance of anodized samples was further studied by galvanostatic
charge-discharge tests. Charge-discharge curves of different TiO2 nanoporous structures
obtained at a current density of 5 µA cm-2 are shown in Fig. 6.14. A clear deviation from the
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triangular curve shape can be observed in the sample anodized in electrolyte with higher
water content of 10 vol.% H2O. This could provide more evidence that open access pores
prevent ions from being discharged, leading to a longer discharge time, which results in a
higher capacity and higher coulombic efficiency.

Fig. 6.13 Overlaid (a) CV curves at a scan rate of 1 mV s-1, and (b) variation of specific
capacitance with scan rate for TiO2 nanolayers anodized in different water diluted
electrolytes.
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Electrochemical impedance spectroscopy (EIS) was also applied to investigate the electrical
conductivity of the anodized nanolayer electrodes over the frequency range of 10 kHz to 10
mHz. Fig. 6.15 compares the Nyquist plots of the three working electrodes anodized in
electrolytes with various water contents. The Nyquist plot of the sample anodized in
electrolyte with 10 vol.% H2O content exhibits a much lower impedance value than the other
samples, emphasizing the higher level of capacitance in the low frequency region [31].

Fig. 6.14 Comparative CD curves of TiO2 nanolayers anodized in electrolytes with different
amounts of added water.
To gain a better understanding of the process taking place on the electrode surface, the
Nyquist plots, Bode plots, and proposed equivalent circuits obtained from fitting of the EIS
experimental data on electrodes containing TiO2 anodized in different electrolytes with
various water contents are individually plotted in Fig. 6.16(a-f). At low frequencies, a pure
supercapacitor electrode usually exhibits an almost vertical line on the Nyquist plot and a
phase angle close to 90 °C on the Bode plot. It should be noted that any phase angle deviation
is due to pseudocapacitance effects [31]. In all samples, the pure double layer capacitance
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element (Cdl) is, therefore, replaced by a constant phase element (CPE) to obtain a better
fitting. Rs, R1, R2, R3, and R4 represent the solution resistance, the resistance of the substrate,
the resistance of the TiO2 nanotube electrode, and the charge transfer resistance through the
exotic structure, respectively. The values of the fitted elements for each sample, using the
randomized method circuit in ZView and ZSimp software are also summarized in Tables 6.1
to 6.3.

Fig. 6.15 Experimental Nyquist plots of TiO2 nanolayers anodized in electrolytes diluted with
different amounts of water.
A constant phase element is an equivalent electrical circuit component that models the
behaviour of a double layer that is an imperfect capacitor [35]. As discussed earlier,
anodization of Ti foil in higher water content electrolyte leads to the formation of more
accessible surface area during the charge-discharge process. Although the irregular hybrid
structure provides pathways for charge transport, the random arrangement of pores and also
their internal diameter seriously affect the accessible active areas, resulting in much lower
capacitance compared to the nanotubular structure.
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Table 6.1 Equivalent circuit parameters for TiO2 anodized in electrolyte containing 0.4 vol.%
H2O.
Element
R1 (Ω)
CPE1 (S·sn)
Freq power, n (0<n<1)
R2 (Ω)
CPE2 (S·sn)
Freq power, n (0<n<1)
R3 (Ω)
Capacitance (F)
R4 (Ω)

Value
0.1166
1.283E-5
0.8148
381.8
2.044E-5
0.725
9620
1.695E-6
2.244E6

Error %
7.582
3.967
0.4949
4.89
2.265
0.3032
8.725
6.173
5.788

Table 6.2 Equivalent circuit parameters for TiO2 anodized in electrolyte containing 4 vol.%
H2O.
Element
R1 (Ω)
Capacitance (F)
R2 (Ω)
CPE2 (S·sn)
Freq power, n (0<n<1)
R3 (Ω)
Warburg (S·s0.5)
Capacitance (F)
R4 (Ω)

Value
3.16
1.334E-6
39.12
2.5596E-5
0.6727
1.242E5
2.612E-5
0.0002937
1.347E4

Error %
1.814
0.6932
2.583
0.4148
0.0934
6.214
42.92
4.308
5.483

Table 6.3 Equivalent circuit parameters for TiO2 anodized in electrolyte containing 10 vol.%
H2O.
Element
R1 (Ω)
CPE1 (S·sn)
Freq power, n (0<n<1)
R2 (Ω)
Warburg (S·s0.5)
Capacitance (F)
R4 (Ω)

Value
16.93
9.702E-6
0.8167
1.101E5
3.985E-5
0.0002146
6.257E5

Error %
0.5879
2.183
0.2875
4.775
0.539
0.7231
6.912
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The theoretical capacitance of the working electrode can be calculated from the EIS method
(Eq. (6.4)):
Cs = (-1)/(S(2πfZ"))

(6.4)

where, S is the surface area, f is the frequency, and Z" is the imaginary part of the impedance
at low frequency. The calculated specific capacitances of the three working electrodes are
compared to the CV results and are presented in Table 6.4, which indicates good agreement
between the EIS and CV capacitance results.
Table 6.4 Specific capacitance estimated from the CV and EIS methods for TiO2 nanolayers
anodized in different water diluted electrolytes.
vol.% H2O content in electrolyte
-2

Specific capacitance estimated from CV (µF cm )
Specific capacitance estimated from EIS (µF cm-2)

0.4

4

10

178
155

244
162

473
311

6.5 Summary
Although the fabrication of titania nanotube array films has been studied extensively during
the last decade, fabrication of ordered nanoporous titania structures under ambient conditions
still remains a challenge. This chapter provides a method that can be employed to engineer
new forms of hybrid TiO2 nanotubes with an artificial top layer resembling a uniform porous
structure with a nanotubular structure underneath. It has been demonstrated that by
controlling the experimental conditions, both hybrid or nanotubular architectures can be
formed. This hybrid architecture, which exhibits the characteristics of both nanotubular and
nanoporous structures, combines the unique features of both architectures. The elimination of
harsh experimental procedures such as the use of a glove box and control of humidity to form
the nanoporous structure is also a bonus. Furthermore, the electrochemical and photocatalytic
properties of the as-prepared architectures have been investigated throughout the whole
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transition process. It is also suggested that in contrast to photocatalytic applications, a wellseparated nanotubular structure is more advantageous in supercapacitor applications, as the
structure can offer higher specific capacitance in charge storage applications.
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Chapter 7: Capacitance enhancement of
TiO2 nanotubes through controlled
introduction of oxygen vacancies
7.1 Introduction
Supercapacitors are being increasingly investigated as a viable charge storage technology.
They are classified into three general groups based on their charging mechanism: non-faradic
supercapacitors (electric double layer capacitors (ELDCs)) [1], faradic supercapacitors
(pseudocapacitors) [1, 2], and hybrid supercapacitors [3]. So far, different types of carbon,
such as carbon nanotubes, carbon aerogels, and activated carbon [4-6], as well as transition
metals such as Ru [1, 2], Ni [6], Mn [1], and their oxides, have been employed as active
materials in the fabrication of supercapacitor electrodes. Over the last decade, titania (TiO2)
has been investigated for use as a supercapacitor electrode material due to its semiconducting
properties and chemical stability [7-17]. It is well-known that high surface area [2], high
conductivity [6, 18], and interconnectivity of the active material will strongly enhance the
capacitance properties. Recently, TiO2 nanotube arrays have attracted much attention for use
as charging storage media because of their capacity to offer high surface area and greatly
improved electron transfer pathways compared with non-oriented structures, which favours
higher charge propagation in active materials [16, 18-23]. Anodic oxidation of titanium foil,
which has been extensively studied, [24-26] offers a convenient way to achieve highly
ordered and suitably back-connected titania nanotube layers on the substrate, so that this
combination can be used directly as a binder-free supercapacitor electrode. The highly
ordered material structure offers the advantages of (i) more direct transport pathways
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uninterrupted by interparticle connections, and (ii) the possibility of forming surface
electrical fields, which should reduce recombination by confining the injected electrons to the
central zone of the tubes [18].
In terms of the charging mechanism, it has been mostly suggested that TiO2 only contributes
a very low non-faradic capacitance and almost no faradic capacitance [27-29]. In general,
titania capacitors would resemble conventional electric double layer capacitors, which act by
a non-faradic mechanism, with a very low specific capacitance of 10-40 µF cm-2 in the
charge-discharge process. It is widely believed that bare titania, due to high electric resistance
and low specific surface area, shows low electrochemical capacitance. It has been reported,
however, that decreasing the particle size of TiO2 to less than 10 nm results in
pseudocapacitive behaviour of the resultant material, allowing for an increase in the
capacitance of anatase up to 90-120 µF cm-2 [6, 30].
There are many approaches that can lead the way to overcoming electrical resistivity, such as
electrochemical [18, 31] and thermal [18, 19] treatments. Changes in electrical properties can
also be attributed to changes in crystallinity [16, 17, 19]. So far, highly ordered threedimensional networks of TiO2 nanotubes have only been used as a support in the fabrication
of composite electrodes for electrochemical capacitor applications [16, 22]. The properties of
metal oxides on the nanoscale, especially TiO2, are very sensitive to oxygen content in the
lattice and the related non-stoichiometry. Up to now, little is known about the effects of
oxygen non-stoichiometry on capacitance properties. The properties of non-stoichiometric
oxides are more strongly affected by their defects and disorder rather than their structure. The
most common procedure applied in the management of non-stoichiometry and its related
properties involves doping with cations and anions, among which, oxygen is an important
dopant for metal oxides [32, 33].
This chapter presents the effects of different heat-treatment routes on capacitance,
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crystallinity, oxygen deficiency, and the electrical properties of titania nanotubes prepared by
anodic oxidation.

7.2 Experimental procedures
The anodization was conducted on Ti foil as described earlier. After being dried in air, the
nanotubes were subjected to different heat-treatment regimes. Two samples were heated at
580 ºC for 1 h in air and under argon atmosphere, and labelled as sample I (one-step
annealing/air) and sample II (one-step annealing/Ar), respectively. Two more samples were
prepared under the same conditions, but the preparation was followed by heating up to 630 ºC
for 1 more hour under air and argon atmosphere, respectively. These samples labelled as
sample III (two-step annealing/air-Ar) and sample IV (two-step annealing/Ar-Ar).
To investigate the surface morphology and microstructure of the TiO2 nanotubes, field
emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), and Raman
spectroscopy were employed.

7.3 Physical characterization
7.3.1 Field Emission Scanning Electron Microscopy
Fig. 7.1 shows typical FESEM micrographs of the TiO2 nanotubes. The average inner
diameter, wall thickness, and length of the as-grown TiO2 nanotubes measured from FESEM
images are approximately 30-60 nm, 10-20 nm, and 800-1000 nm, respectively. The
nanotubes tend to shrink after post annealing, however, the structure of the nanotubes is still
intact. Fig. 7.1 shows that the TiO2 nanotubes are ordered and vertically aligned, and that a
large surface area on the Ti substrate has been successfully covered by them. The ripples
observed along the outer walls of the tubes are prone to appear in low viscosity electrolytes
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containing glycerol, which is a less aggressive electrolyte than others that are commonly used
[16, 34]. The obtained compact, gap-free thin sheet of nanotubes can potentially act
simultaneously as both an active material and a current collector. Also, this kind of compact
gap-free material has the advantage of supplying pathways for the electrolyte and therefore
maximizing the interface and consequently, the efficiency of the active material.

Fig. 7.1 Typical side view and top view (inset) FESEM images of the as-prepared TiO2
nanotubes.

7.3.2 Xray Diffraction
Fig. 7. 2 shows the XRD patterns of the samples prepared via one-step annealing and twostep annealing under different atmospheres. In order to eliminate the effects of the substrate
contribution to the XRD pattern, XRD was only conducted in the range of 2θ from 22° to
37°. The XRD patterns obtained from the samples clearly demonstrate that the one-step
annealing under argon atmosphere (II) promotes the formation of rutile, in comparison with
the annealing in air atmosphere (I). Therefore, annealing in a neutral oxygen-free
environment furthers the transformation from the anatase to the rutile phase structure. It is
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well established that annealing in a reductive environment is likely to result in partial
reduction of Ti+4 cations to lower valence Ti+3 ions [19]. At the same time, defects, such as
oxygen vacancies, can be generated in the TiO2 structure due to partial oxygen loss [19].
Furthermore, the kinetics of the phase transformation from anatase to rutile (A→R) has been
well studied by different researchers [35-37]. It is well understood that in the A→R
transformation, the Ti-O bonds of the anatase phase structure break and rearrange themselves
to form rutile. Oxygen vacancies overcome the activation energy of this transformation and
accelerate it [35, 36].
Comparison between sample II and sample IV demonstrates that even one hour of further
annealing at higher temperature in the same environment resulted in promotion of the phase
transformation. The same trend was observed in the samples annealed in air, both alone (I)
and with subsequent annealing at higher temperature under Ar atmosphere (III). The reasons
are: first, higher temperature improves the A→R phase transformation [38]; and second, as
mentioned above, annealing under an inert atmosphere will result in more rutile phase due to
oxygen depletion.

Fig. 7.2 XRD patterns of TiO2 nanotubes annealed under different heating regimes.
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7.3.3 Raman spectroscopy
The thermal stability of anodized titania nanotubes and related phase changes due to
annealing under different conditions were fully investigated by Raman spectroscopy (Fig.
7.3). The Raman bands located at ~ 142, 194, 394, 513, and 634 cm-1 are attributed to the
anatase, and the bands located at ~ 141, 237, 447, and 610 cm-1 are assigned to the rutile
phase [36, 39].

Fig. 7.3 Raman spectra of TiO2 nanotubes annealed under different heating regimes.
The Raman spectra serve as a further proof that increasing the temperature induces the
transition from anatase to rutile phase. Furthermore, in a tetragonal system, where there is
out-of-phase motion of oxygen atoms along the c-axis, the Eg mode is much more sensitive to
oxygen deficiency than the Ti-O stretching mode. Therefore, change in the Eg mode can serve
as direct evidence of oxygen vacancies. The effect can also show itself in much broader
Raman bands, which are typically due to long-range Coulomb interactions of Ti atoms and
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basal oxygen atoms. The observed line broadening in anatase bands, however, can be
explained by the phonon confinement phenomenon, which typically occurs when the
crystallite size is less than ~ 20 nm. Thus, the asymmetrical broadening and the gradual shift
of the anatase Raman peaks can be attributed to the phonons in the Brillouin zone which
contribute to the first order Raman spectra. On the contrary, the broadening and the downshift
of rutile Raman peaks most likely arise from oxygen deficiency, which effectively determines
the Raman lineshapes [40, 41]. Peak broadening, full width at half maximum (FWHM), and
downshift of the rutile Raman band located at 447 cm-1 are illustrated in Fig. 7.4(a) and (b).
These results confirm that the final structures of the sample annealed under argon for 2 hours
(IV) and the sample annealed in air and then under argon (III) exhibit higher amounts of
oxygen deficiency than the sample which was only annealed under argon atmosphere for 1
hour (II). Briefly, as oxygen becomes depleted in the anatase phase in an atmosphere with a
very low partial pressure of oxygen, the rate of anatase to rutile phase transformation can be
greatly increased, a process that normally requires temperatures in excess of 700 °C. Oxygen
depletion results in the spatial disturbance of the oxygen framework, which, in turn, results in
the breakage of a number of Ti-O bonds and the rearrangement of the anatase pseudo-closepacked planes of oxygen {112} to the rutile close-packed planes {100} [35]. The main
changes induced by oxygen depletion are the strong enhancement, change of position, and
broadening of the main rutile peak. Further oxygen depletion of the structure, for the samples
sintered at 630 °C for two hours in air and under argon (III) or only under argon atmosphere
(IV), makes the rutile band broader and causes a band shift to 438 cm-1, as seen in Fig. 7.3.
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Fig. 7.4 (a) Peak broadening and FWHM, and (b) Raman shift of the rutile Raman band
located at 447 cm-1.

7. 4 Electrochemical characterization
Electrochemical measurements were performed in 1 M KCl aqueous solution. The
electrochemical properties of the titania nanotubes annealed under different conditions were
studied by the cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
techniques employing a CHI electrochemical workstation. CV tests were conducted over a
voltage range of -0.2 to 0.6 V at various scan rates (from 1 to 100 mV s-1). EIS measurements
were performed between 100 kHz and 1 Hz using a 5 mV rms sinusoidal modulation.
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Galvanostatic charge-discharge (CD) testing was applied using a battery test system (LAND
CT2001A) to investigate the cycle life of the electrode.

7.4.1 Cyclic voltammetry testing
The CV responses of the samples at a scan rate of 100 mV s-1 are shown in Fig. 7.5(a, b) and
Fig. 7.6. An almost rectangular-shaped curve, as expected from an ideal capacitor [42], was
observed in the case of samples heat-treated under Ar atmosphere. The areas inside the
curves demonstrate that there is a significant increase in capacitance over what has been
reported in the literature and thus indicate enhancement of the specific capacitance for these
types of electrodes. The insignificant area inside the rectangular curve for the sample merely
annealed in air atmosphere (I), however, reflects its low capacitance compared to the samples
exposed to Ar (II, III, and IV).
The specific capacitance (Cs) of the electrodes was calculated using Eq. (7.1):
Cs= C/S = I/[(dV/dt)×S]

(7.1)

where I is the charge-discharge current, dV/dt is the scan rate, and S is the surface area of the
working electrode. The specific capacitance of samples I, II, III, and IV at the scan rate of 1
mV s-1 was calculated as 30, 521, 294, and 911 µF cm-2, respectively.
According to the obtained results, the specific capacitance values of TiO2 nanotubes heattreated under argon atmosphere are one to two orders of magnitude higher than the values
reported for titania and conventional electric double layer supercapacitors. However, the
change in terms of capacitance was just marginal in the sample heat-treated under air
atmosphere.
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Fig. 7. 5 Overlaid CV curves of (a) sample I: one-step annealing/air and II: one-step
annealing/Ar, (b) sample III: two-step annealing/air–Ar and IV: two-step annealing/Ar–Ar.
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Fig. 7.6 CV curves of all samples, in 1 M KCl at a scan rate of 100 mV s-1.
It is well known that high conductivity of the active materials will enhance the capacitance
properties [18]. The higher conductivity can be further investigated in terms of geometrical
aspects (Chapters 4 and 6), reduction conditions, and phase structures. Highly ordered
nanotube arrays can be viewed as nanostructures with direct pathways for electron transfer,
which considerably reduces the disturbance from interparticle connections, offering the
possibility that the initially low conductivity of titania structures can be overcome. Moreover,
as proposed earlier, these channels, as a form of open porosity, facilitate the ionic mass
transfer through mesopores by providing pathways through which the dynamic sheath of
solvent molecules, the solvation shell, can easily pass. The higher ionic mass transfer
consequently results in higher capacitance values. Moreover, changing the electrical
properties of oxides through altering the reduction conditions is an already well-established
technique in the literature, i.e. annealing TiO2 in an inert atmosphere to provide higher
conductivity due to the conversion of Ti+4 to Ti+3 [19, 25, 31]. The electrical conductivity of
TiO2−x is proportional to the oxygen vacancies, which depend on the ambient oxygen pressure
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[43]. Furthermore, TiO2 is an intrinsic n-type semiconductor with a band gap of
approximately 3.2 eV (for anatase phase) and 3.1 eV (for rutile phase). In the reduced state,
however, the higher density of Ti+3 leads to a decrease in the band gap to an approximate
value of 2.4 eV [31]. The electrochemical and electrical properties can be also attributed to
the crystallinity [19]. It seems that two-step annealing under Ar atmosphere (IV)
consequently results in TiO2 nanotubes with higher conductivity.

7.4.2 Chargedischarge testing
Fig. 7. 7 presents the galvanostatic charge/discharge (CD) curves of TiO2 nanotubes
subjected to two-step annealing under Ar atmosphere (IV) at different current densities.
There is an almost linear relationship between voltage and charging-discharging time at
higher current densities, which is expected from non-faradic electron double layer capacitors
[44]. Nevertheless, at a low current density, a slightly non-linear curve can be observed,
which typically indicates the occurrence of a reaction during the charging process. Based on
the literature, TiO2 only contributes a very low non-faradic capacitance and almost no faradic
capacitance [27-29]. Additionally, when the active material is in the fully oxidized state, there
is no pseudocapacitive contribution [28]. Although we observed no evidence of any faradic
reactions in the charge-discharge process based on the CV curves, the CD tests showed a
reaction in the charging step. Therefore, it is safe to assume that the oxygen depletion derived
from annealing in the reductive atmosphere resulted in an increase in the capacitance due to a
faradic reaction.

7.4.3 Cycle life testing
Fig. 7.8 shows the specific capacitance of sample IV (two-step annealing/Ar-Ar) at the
current density of 10 µA cm-2, presented as a function of cycle number. According to the
experimental data, a fairly stable capacitance is maintained even after 500 cycles, and no
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change in charge-discharge can be observed. At the end of five hundred cycles, the nanotube
electrode maintains a symmetric charge-discharge shape with approximately 98%
capacitance retention. The first and last 10 cycles of this test are also shown as insets in Fig.
7.8.

Fig. 7. 7 Galvanostatic charge-discharge plots of sample IV (two-step annealing/Ar–Ar).

Fig. 7.8 Specific capacitance of sample IV calculated from charge-discharge testing versus
cycle number at a current density of 10 µA cm-2, with the first and last 10 charge and
discharge cycles shown as insets.
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7.4.4 Electrochemical impedance spectroscopy testing
Fig. 7. 9 compares the Nyquist plots of samples III and IV, with EIS carried out in the
frequency range of 1 Hz to 100 kHz at a constant potential of -0.1 V and an AC voltage
amplitude of 5 mV. The high frequency region of the spectra is shown as the inset. A
semicircular arc was observed in the sample treated in air and then under argon atmosphere
(III), indicating a charge transfer limiting process, which is usually the result of a parallel
combination of internal resistance and capacitance. No such semicircular arc was observed,
however, for the sample annealed only under pure argon (IV), which corresponds to good
charge transfer of the working electrode. This also indicates that there is no electrical
resistance. The slope in both samples increases at low frequency, which represents the
diffusion of ions in the structure of the electrode and indicates pure capacitive behaviour. The
slope of the curve is a result of the frequency dependence of ionic diffusion in the electrolyte
to the electrode interface. These remarkable results demonstrate that the fabrication of
samples by a particular heating regime results in high electrical conductivity of TiO2 and
therefore, high charge propagation in TiO2.

Fig. 7.9 Nyquist plots of sample III (two-step annealing/air–Ar), and IV (two-step
annealing/Ar–Ar) with the inset showing an enlargement of the high frequency region.
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7.5 Summary
A new approach to the fabrication of high capacitance titania nanotubes is introduced. Peak
broadening, FWHM, and downshift of rutile Raman bands confirmed the existence of oxygen
vacancies inside the microstructure of TiO2 nanotubes prepared by an anodic oxidation
method and subsequent annealing under argon atmosphere. Such oxygen vacancies overcome
the activation energy of the breakage and rearrangement of Ti-O bonds and accelerate the
transformation of A→R. Such a non-stoichiometric structure could enhance the capacitance
of titania by one to two orders of magnitude compared to the values reported for conventional
titania and conventional electric double layer supercapacitors. Based on the cyclic
voltammetry results, no evidence of any faradic reactions was observed in working
electrodes, however, the charge-discharge curves showed a reaction within the charging step
which might be due to the partial reduction of Ti+4 to Ti+3. These findings confirmed that the
oxygen depletion derived from annealing in the reductive atmosphere resulted in an increase
in the capacitance due to a faradic reaction. Electrochemical impedance spectroscopy results
also demonstrated that the partially oxygen depleted titania structure is more conductive in
the charging process. Good chemical stability was confirmed by long cycling galvanostatic
charge-discharge tests.
As a whole, this work introduces a novel yet simple approach to overcome the high electrical
resistivity of bare titania to meet the requirements of the higher specific capacitance
applications.
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Chapter 8: Enhancement in
electrochemical performance of TiO2
nanotube arrays as an effect of post‐
annealing treatment
8.1 Introduction
Over the last few years, porous and tubular titania (TiO2) structures have receive great
attention as functional nanostructures [1-5]. The high regularity of these porous structures
and the ability to fine-tune tube dimensions have prompted much interest in using these
tubular forms of TiO2 to fabricate functional devices. So far, titania based structures have
been extensively used in many applications, such as photocatalytic degradation of
environmental pollutants, dye sensitised solar cells, electrochemical capacitors, and many
other applications [6-8]. Recently, titania nanotubes have attracted renewed attention as
supercapacitor electrode materials due to their semiconducting properties and chemical
stability [9-11]. The disadvantages of high electrical resistance and low specific surface area
of bare titania, however, have restricted its practical use as an electrochemical capacitor.
Among different approaches to synthesize titania nanotubes, anodic oxidation of titanium foil
has been extensively investigated [12, 13]. This method offers a high surface area with
suitably back-contacted nanotube layers on the substrate, which can be employed directly as
an electrochemical device [14].
Among different approaches to overcome the electrical resistivity, two methods have been
used extensively, namely, electrochemical treatment [15] and thermal treatment [16]. Both of
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these approaches can affect the microstructure and subsequently the final properties of the
material. The properties of metal oxides on the nanoscale, especially TiO2, are very sensitive
to oxygen content in the lattice and the related non-stoichiometry. Our previous study [10]
addressed both the behaviour of oxygen depleted titania in the anatase to rutile (A/R) phase
transformation and its electrochemical charge storage properties. Oxygen vacancies induced
by annealing in oxygen-free atmosphere can overcome the activation energy of the breakage
and rearrangement of Ti–O bonds and accelerate the anatase to rutile phase transformation.
Choosing the right annealing conditions, including the temperature, time, and atmosphere, is
therefore crucial to achieve the optimized microstructure needed for enhanced properties.
Herein, we report the effects of increasing annealing time on the introduction of nonstoichiometric structure within titania nanotube arrays and subsequent enhancement of the
electrochemical properties of these titania nanotube arrays. Field emission scanning electron
microscopy (FESEM), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), cyclic
voltammetry (CV), and charge-discharge (CD) testing were employed to characterize the
properties of the titania nanotubes.

8.2 Experimental procedure
The anodization was conducted on Ti foil (99.7% purity, Sigma) acting as the anode, with
platinum foil as the cathode. The electrolyte consisted of 0.2 wt% NH4F dissolved in a
mixture of glycerol and de-ionized water (9:1 by volume). The anodization was performed
under a constant voltage of 15 V for 17 h. The synthesis process was conducted in a
thermostatic water bath to keep the temperature of the electrolyte constant. Afterwards,
samples were annealed at 550 °C under argon atmosphere for different periods of time: 1 h, 2
h, 3 h, and 5 h.
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8.3 Results
Field emission scanning electron microscopy (FESEM; JEOL JSM-7500FA), Raman
spectroscopy (LabRAM HR, Horiba Jobin Yvon SAS using a 632.8 nm laser), and X-ray
photoelectron spectroscopy (XPS; SPECS system with Al-Kα radiation and a pass energy of
20 eV) were employed to investigate the surface morphology and microstructure of the
synthesized TiO2 nanotubes. The electrochemical performance of the nanotubes was
examined in a three-electrode system using saturated Ag/AgCl as the reference electrode and
platinum foil as the counter-electrode at room temperature. Cyclic voltammetry (CV)
measurements were carried out using a Bio-Logic VMP3 battery tester over the voltage range
of -0.6 to 0.3 V using 1 M NaOH aqueous electrolyte solution.
Fig. 8.1(a) shows a top view FESEM micrograph of the as-prepared titania nanotubes grown
by anodization of Ti foil and subsequent annealing at 550 °C for 5 h. The FESEM
micrograph verifies the formation of nanotubes over the large surface of the Ti substrate and
demonstrates that there is no detrimental effect on the ordered morphology of the nanotubes
after prolonged annealing. Furthermore, it is evident from the FESEM image that the
nanopores are open and do not suffer from clumping. This open structure enables extension
of the electroactive surface area, facilitating ionic mass transfer by providing easy pathways
for the solvation shell [11].
The phase change during annealing under different conditions was monitored by Raman
spectroscopy (Fig. 1(b)). The Raman bands located at ~ 142, 194, 394, 513, and 634 cm-1 are
attributed to anatase phase, and the bands located at ~ 141, 237, 447, and 610 cm-1 are
assigned to rutile phase [10, 17]. The Raman spectra quite clearly demonstrate that increasing
the annealing time indeed induces the transition from anatase to rutile phase. Although the
structural changes within the bulk of the tubes can be easily determined using Raman
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analysis, it is the surface structure of the tubes that plays a crucial role in deciding the
capacitive properties of the whole structure. The limitations of Raman spectroscopy in
determining the surface properties of titania nanotubes, however, render it impractical for
assessing the nature of the changes on the surfaces of the nanotubes. Therefore, X-ray
photoelectron spectroscopy (XPS) was performed on the samples to provide a better
understanding of the nature of the surface changes in the structure.

Fig. 8.1 (a) Top view FESEM micrograph of TiO2 nanotubes annealed at 550 °C for 5 h, and
(b) Raman spectra of nanotubes annealed for 1 h, 2 h, and 5 h.
It is well established that annealing in a neutral oxygen-free environment leads to the partial
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reduction of Ti4+ cations to lower valence Ti3+ ions. Simultaneously, defects, such as oxygen
vacancies, can be generated in the TiO2 microstructure due to the partial oxygen loss [10].
The above-mentioned Ti3+ can result from oxygen vacancies, titanium interstitials that may
due to an excess of titanium coming from titanium foil, and/or substitutional fluoride
impurities [2].
In order to obtain a clear image of the structural evolution of titania during annealing, X-ray
photoelectron spectroscopy (XPS) was applied. Experimental XPS spectra and fitted Ti2p
spectra of TiO2 nanotubes annealed at 550 °C for 5h are shown in Fig. 8.2(a and b).
Deconvolution and curve fitting of the Ti2p spectra were performed using CASAXPS
software, based on a Gaussian-Lorentzian peak shape after performing a Shirley background
correction. The Ti2p spectrum mainly consists of four individual peaks. The two peaks
located at the binding energies of ~ 464.4 and 458.7 eV can be assigned to the core levels of
Ti4+ 2p1/2 and Ti4+ 2p3/2, respectively [18-20]. Two sub-peaks located at ~ 461.8 and 456.0 eV
are ascribed to Ti3+ 2p1/2 and Ti3+ 2p3/2, respectively. The presence of the two sub-peaks of
the Ti 3+ valence state is an indication of either oxygen vacancies or Ti interstitials.
Therefore, from the XPS data, it can be interpreted that Ti interstitials or oxygen vacancies
are mainly formed on the surface of the titania nanotubes [18, 21, 22]. There are only few
studies on the surface reduction of titania. So far, only two processes are suggested. The most
prominent one is driven by just high temperature annealing of titania in neutral atmosphere,
which typically results in thermal desorption of oxygen from the surface. The other one takes
place through ion sputtering, which preferentially removes oxygen, as titanium ions are much
smaller than oxygen ions [23]. In our case, however, the prominent driving force is the
annealing in oxygen-free atmosphere. The oxygen loss from the surface should be
accompanied by the reduction of Ti4+ to Ti3+. The effects of oxygen loss destabilize the
surface chemistry of the titania nanotubes and produce a net negative charge on the surfaces
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of the nanotubes. The new insight provided by new density functional calculations (DFT-U)
demonstrate that the charge is strongly correlated to the sites of point defects (either oxygen
vacancies or Ti interstitials), and the charges are not delocalized over the bulk, which further
verifies that the charge will remain on the surface [23]. The net negative charge remaining on
the surface can further manifest itself in the charge-discharge process (Fig. 8.3). Due to the
negative charge built up on the surface, the electrode resists being completely discharged,
resulting in a coulombic efficiency of more than 100%.

Fig. 8.2 (a) Experimental and (b) fitted XPS spectra of TiO2 nanotubes annealed at 550 °C for
5 h.
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Galvanostatic charge-discharge (CD) testing was conducted on the working electrodes in 1 M
NaOH aqueous electrolyte solution over a potential range of -0.6 to 0.3 V to gain a clear
understanding of the underlying electrochemical behaviour of the working electrodes.

Fig. 8.3 Overlaid charge-discharge tests of (a) TiO2 nanotubes annealed at 550 °C for 1 h and
5 h at current density of 5 µA cm-2, and (b) TiO2 nanotubes annealed at 550 °C for 5 h at
different current densities.
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CD cycles of titania nanotubes annealed at 550 °C for 1 h and 5 h at current density of 5 µA
cm-2 are shown in Fig. 8.3(a). It is evident that the sample exposed to a longer period of
annealing exhibits higher discharge time, consequently resulting in a higher capacitance
value. Fig. 8.3(b) shows the CD curves of the sample annealed for 5 h at different current
densities. Prolonged discharge time at lower current density demonstrates higher specific
capacitance. The decrease in the capacitance at higher current density could be attributed to
lower access of the ions to active surface [24]. Deviation from the common linear
relationship between voltage and the charge-discharge time, typically expected from an ideal
double layer capacitor, can be observed. This deviation suggests the possible involvement of
a pseudocapacitance contribution. We propose that this non-linear curve could be attributed
to the reduction of Ti4+ to Ti3+ on the surface of the nanotubes. Therefore, it is suggested that
the introduction of defects within the titania nanotube structure during the annealing process
can enhance the capacitance due to a faradic reaction taking place on the surfaces of the
nanotubes.
Electrochemical properties of the obtained morphologies were characterized by the cyclic
voltammetry (CV) method. Comparative CV curves of different TiO2 nanolayers obtained at
the scan rate of 1 mV s-1 in 1 M NaOH aqueous electrolyte solution are presented in Fig 8.4.
The increase in the area under the curves demonstrates a significant enhancement in
capacitance of the titania nanotubular structure. The specific capacitance of titania nanolayers
annealed at the same temperature for 1 h, 2 h, 3 h, and 5 h at scan rate of 1 mV s-1 is
calculated to be 473, 947, 1423, and 1620 µF cm-2, respectively. According to the obtained
results, the specific capacitance values of TiO2 nanotubes increase with increasing annealing
time. Furthermore, the calculated specific capacitances obtained here, especially for the
sample annealed for 5 h, are much higher than the values reported for titania, which are
around 10-120 µF cm-2 [25-28]. Such an enhancement in charge propagation during the
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charge-discharge process might be due the formation of non-stoichiometric structure. Hence,
we assume that exposing titania nanotubes to a prolonged heat-treatment regime under inert
atmosphere results in a more defective structure, consequently leading to higher capacitance
values.

Fig. 8.4 (a) CV curves, and (b) calculated specific capacitance of TiO2 nanotubes annealed
for different periods of time at 1mV s-1.
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8.4 Summary
In summary, the excellent performance obtained for various fabricated titania nanotube array
electrodes opens an avenue to engineering supercapacitor electrodes based on titania
nanotubes in order to target a wide range of applications. Unlike typical carbon based EDLCs
such as graphene, no special substrates or transfer procedures are required for synthesis of
titania nanotubes. It has been shown that annealing the samples in a reductive atmosphere for
different periods of time could induce different electrochemical properties in the TiO2
nanotubes. Electrochemical measurements demonstrated that titania nanotube arrays exposed
to longer periods of annealing exhibit much improved capacitance values due to the
formation of non-stoichiometric structure during the annealing. Such a non-stoichiometric
structure could enhance the capacitance of titania (1620 µF cm-2) by one to two orders of
magnitude compared to reported values in the literature for conventional titania and
conventional electrical double layer supercapacitors.
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Chapter 9: Optimal conditions to
enhance the electrochemical
capacitance of TiO2 nanotube arrays
9.1 Introduction
The many applications of high capacity energy storage devices have resulted in increasing
interest in both discovering new materials of choice for energy storage devices and the
introduction of new methods to engineer previously known materials. Therefore, many
research

efforts

have

been

directed

toward

developing

simple,

effective,

and

environmentally-friendly methods for the production of the next generation of
supercapacitors, which can be employed in a wide range of devices, such as flexible
electronics, radio-frequency identification devices (RFID), and wearable devices. [1-5]
Although remarkable progress has been made in the production of electrochemical capacitors,
they are much neglected in terms of improving the properties of the previously known
materials. Nevertheless, production of high performance and cost-effective materials is still a
challenge.
Among non-faradic supercapacitors (electric double layer capacitors (EDLCs)), much interest
has been focused on carbon based materials, resulting in the abandonment of the other types
of conventional EDLCs. Many of the processes developed for the production of carbon based
EDLCs, however, involve environmentally unfriendly chemicals and elaborate procedures.
Furthermore, the high cost of carbon nanotubes and graphene might render them unfeasible
for practical everyday use applications. The search for alternative suitable materials has led to
a renewed interest in titanium dioxide (TiO2) based supercapacitors. TiO2, as a highly
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functional material with many interesting applications in diverse areas, including energy
storage [6, 7], medicine [8-10], photovoltaic cells [11-13], sensors [14], solar cells [15], etc.,
has been considered as a hotspot for many applications. Previous chapters have introduced
newly engineered energy devices based on oxygen depleted, highly-ordered, self-organized
titania nanotubes synthesized via anodic oxidation of titanium foil to overcome the high
electrical resistivity of bare titania to meet the requirements for higher specific capacitance
applications. For many applications, the crystal phase structure and the size of the particles
are the most crucial parameters for altering the surface area and properties of titania, [16, 17]
resulting in different electrochemical properties. As-synthesized TiO2 is usually amorphous,
which limits its application in many fields. Therefore, to apply TiO2 in practice, the resultant
material has to be annealed at relatively high temperatures [18]. In contrast with
photocatalytic applications, in which it has been reported that a mixture of anatase and rutile
phases is more efficient, in energy storage applications such as batteries and supercapacitors,
it has been claimed that electrochemical properties of titania particles mostly depend on the
size of the particles rather than the phases [15, 19]. There are no reports in the literature
regarding the capacitance of such a mixture, and no significant differences are reported
between rutile and anatase [7, 16]. It is also emphasized that the formation of rutile cannot
result in any enhancement in the capacitance, and the maximum capacitance of rutile film is
reported to be around 40 nF cm-2, which might be considered to be negligible [20].
Furthermore, it is worth pointing out that in energy storage applications, capacitive effects
arising only from nanostructured TiO2 have received much less attention [21]. This is
possibly because the semiconducting nature of bare TiO2 limits conductivity and prevents fast
electron transfer. Therefore, TiO2 is mostly considered as a conventional EDLC which only
contributes a very low faradic capacitance (10-70 µF cm-2) [22-24]. Many approaches have
been practiced to overcome the resistance of titania, such as carbothermal reduction
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treatment, [25] the addition of electroactive species, [18] etc. This PhD study demonstrates
that one-dimensional titania networks, such as nanotubular architectures, exhibit unique
electrical properties due to the special geometry, high aspect ratio, and high surface area of
titania nanotubes. This special kind of structure facilitates ion transfer inside and/or outside of
the walls, especially in electrochemical applications. Therefore, many studies have been
focused on the synthesis of different titania shapes with high aspect ratio, such as titania
nanotubes.
In the present chapter, it is demonstrated that an optimal reductive treatment through a
systematic anatase to rutile phase transformation can overcome the charge transfer limitation
of titania nanotube layers. Various microstructural and electrochemical characterizations
were conducted to investigate the crystal structure, surface morphology, electric conductivity,
and electrochemical properties of the obtained titania nanotube arrays.

9.2 Optimal heat treatment procedure
Self-organized TiO2 nanotube arrays (TNTA) were made via the anodic oxidation method
with a two-electrode configuration, using 0.2 wt% NH4F electrolyte dissolved in a mixture of
glycerol and de-ionized water, as described in the previous chapters. After being anodized
and dried in air, samples were annealed at different temperatures of 450, 500, 550, 600, and
650 ºC under argon atmosphere for 5 h (with the samples respectively designated as
TNTA/450 ºC - TNTA/650 ºC).

9.3 Structural characterization
Field emission scanning electron microscopy, glancing angle X-ray diffraction (GAXRD),
Raman spectroscopy, and X-ray photoelectron spectroscopy were employed to investigate the
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surface morphology and microstructure of the synthesized TiO2 nanotubes.

9.3.1 Glancing angle Xray diffraction
Fig. 9.1(a) shows the GAXRD patterns of titania nanotube arrays (TNTA) annealed at
various temperatures under argon (Ar) atmosphere for 5 h collected over the 2θ range of 20º
to 60º. In order to reduce the effects of substrate contributions, the scanning angle 2θ (7º) was
selected to collect the maximum intensity of the major peaks of anatase (2θ = 25.17º, (101))
and rutile (2θ = 27.2º, (110)). Based on the variation of peak shapes with respect to annealing
temperature, it can be concluded that the structural evolution of TiO2 nanotubes is
significantly affected by the annealing temperature. Although rutile phase appears after
annealing at 450 ºC under Ar atmosphere, GAXRD patterns of the annealed samples clearly
demonstrate that anatase is the dominant phase after annealing at this temperature. While
anatase is not an equilibrium phase of TiO2, it is kinetically stabilized. Increasing the
annealing temperature above 550 ºC promotes the formation of the thermodynamically stable
phase of TiO2 (i.e. rutile). Further increase in annealing temperature, above 650 ºC, promotes
the transformation of anatase to rutile, leading to an almost complete rutile texture. Therefore,
it can be concluded that the anatase to rutile phase transformation (A→R) has been
completed after annealing at 650 ºC for 5 h, and the resultant TNTA sample only consists of
rutile phase. The weight fraction of the rutile phase calculated from the XRD patterns (Eq.
9.1) is plotted in Fig. 9.1(b).
fR = 1/[1+0.8(IA/IR)]

(9.1)

where, fR is the weight fraction of rutile, and IR and IA denote the rutile (110) and anatase
(101) reflection intensities [26]. The obtained curve seems to have a sigmoid shape (growing
steeper with increasing temperature), suggesting that the anatase to rutile phase
transformation occurs through a nucleation and growth mechanism [27].
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Fig. 9.1 (a) GAXRD patterns of the TNTA/450 ºC-650 ºC samples; (b) calculated weight
fraction of rutile phase in TNTA/450 ºC-650 ºC from the GAXRD patterns.
It is well established that annealing in a neutral oxygen free environment promotes the A→R
transformation due to the introduction of some structural defects into the TiO2 crystal
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structure [28]. A comparison between the TNTA annealed at 550 ºC in air and under argon
atmosphere supports the idea that the transformation rate of anatase to rutile phase can be
significantly enhanced by introducing a reductive atmosphere [29, 30]. Based on the grain
growth mechanisms, faceting should occur, which results in both high and low grainboundary motilities [31]. Therefore, certain crystallographically favoured grain boundaries
decompose into flat facets that lie along low-energy inclinations [32]. In the case of anatase,
the grain boundaries are thermodynamically inclined to facet towards the rutile phase
structure. In general, the Ti–O bonds in the anatase phase structure break to rearrange
themselves into the rutile structure during the A→R phase transformation. As mentioned
earlier, annealing titania in oxygen free atmosphere results in the creation of some structural
defects, such as the partial reduction of Ti+4 to Ti+3 and oxygen vacancies, inside the TiO2
network. On the other hand, the existence of such a non-stoichiometric structure can reduce
the activation energy of the transformation and accelerate it [30].
Mor et al. [28] suggested that at any temperature range in which both anatase and rutile
phases can coexist, the rutile formation occurs at the nanotube-metal interface sites, whereas
the anatase crystals located on the nanotube walls cannot be transformed into rutile phase due
to the constraints imposed by the walls. Therefore, in order to obtain a better understanding
of the distribution of the polymorphic phases along nanotubes length, all samples were
subjected to different X-ray incident angles (defined as the angle between the X-ray beam
and the substrate plane), ranging from 5° to 15º. Fig. 9.2 shows the overlaid normalized
GAXRD patterns of TNTA/500 ºC collected via the low incident angle X-ray radiation. Quite
interestingly, the distribution of both anatase and rutile phases was almost constant at
different incident angles, suggesting a uniform distribution of polymorphic phases along the
tubes, which might be due to the fact that the nanotubes were subjected to long dwell time at
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high temperature. The same trend was observed for all the samples annealed at different
temperatures.

Fig. 9.2 Overlaid GAXRD patterns of TNTA/500 ºC collected at different incident angles.

9.3.2 Raman Spectroscopy
Phase changes induced by annealing under different conditions were fully investigated by
Raman spectroscopy (Fig. 9.3(a)). The Raman bands located at ~ 142, 194, 394, 513, and 634
cm-1 are attributed to the anatase, and the bands located at ~ 141, 237, 447, and 610 cm-1 are
assigned to the rutile phase [17]. The Raman spectra serve as a further proof that increasing
the annealing temperature induces the transition from anatase to rutile phase [30].
Investigating the behaviour of titania nanotubes after annealing under different atmospheres,
as discussed in more detail in Chapter 7, confirmed the presence of oxygen vacancies inside
the self-organized TiO2 nanotubes after annealing under argon atmosphere. Curve fitting of
TiO2 Raman spectra was performed using Origin software, employing a Gaussian-Lorentzian
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peak shape after performing a background correction. The calculated downshifts in the values
of the rutile Raman band located at ~ 447 cm-1 for TNTA/500-650 ºC are presented in Fig.
9.3(b).

Fig. 9.3 (a) Raman spectra of the TNTA/450-650 ºC samples; (b) Raman shift of rutile
Raman band located at 447 cm-1.
Almost the same rutile Raman downshifts are observed in the present samples, which implies
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two facts. First, oxygen vacancies were generated due to the reduction of Ti+4 to Ti+3 at the
surface of the titania nanotubes. Second, comparing the current data with the previous results
for the samples annealed under Ar atmosphere for 2 h, [30] an increase in the annealing time
to 5 h leads to the formation of a lower amount of oxygen vacancies based on the lower
Raman downshift of the rutile band. X-ray photoelectron spectroscopy (XPS) analysis was
employed to attain a clearer understanding of the structural evolution during the annealing
process.

9.3.3 Xray photoelectron spectroscopy Analysis
High energy spectroscopy has played an important role in the study of the electronic
structures of transition metal compounds [33]. Typical Ti2p spectra of all samples obtained
by the XPS method are shown in Fig. 9.4(a). Deconvolution and curve fitting of the Ti2p
spectra were performed using CASAXPS software and a Gaussian-Lorentzian peak shape
after performing a Shirley background correction. The Ti2p spectra mainly consist of four
individual peaks. Two peaks located at binding energies of ~ 464.4 and 458.7 eV can be
assigned to the core levels of Ti4+ 2p1/2 and Ti4+ 2p3/2, respectively [34-36]. After fitting, two
sub-peaks, Sub-1 and Sub-2, appear at lower binding energies, which can be assigned to Ti3+
from a sub-stoichiometric oxide, Ti2O3. Nevertheless, no evidence of Ti2O3 phase can be
observed, neither in the Raman spectra nor the XRD patterns of the samples. The A1g mode at
269 cm-1 (300 K) is typically considered to be the main component of Raman-active modes
of Ti2O3 phase under ambient conditions. The A1g mode exhibits a significant frequency
change (about 16%) and a large intensity increase relative to the other modes at room
temperature. Raman study, however, provides no information as to the nature of the change
on the surface of the tubes. These additional peaks located at ~ 461.8 and 456.0 eV are
therefore ascribed to Ti3+ 2p1/2 and Ti3+ 2p3/2, respectively. Fewer oxygen atoms are available
in the TiO2 network due to the introduction of reductive atmosphere, which leads to the
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formation of titanium interstitials (Ti3+) [25, 33, 34]. The XPS data for Ti 2p1/2 and Ti 2p3/2
are listed in Table 9.1.

Fig. 9.4 (a) Experimental and fitted XPS spectra of TNTA/450-650 ºC and (b) calculated
atomic percent of Ti3+ in titania nanotubes.
The enhancement of Ti3+ peaks indicates that more Ti2O3 is formed on the surface of the TiO2
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nanotubes. A simple method (Eq. 9.2) was applied to quantify the relative concentration of
the Ti3+ cations in samples:
%Ti3+ = [ATi3+/( ATi3++ ATi4+)]×100

(9.2)

where, ATi3+ and ATi4+ denote the total areas under the peaks assigned to Ti3+ and Ti4+,
respectively. The plot in Fig. 9.4(b) clearly demonstrates that the percentage of Ti3+ strongly
depends on the annealing temperature. Therefore, it can be deduced that the most nonstoichiometric state of titania was obtained by annealing at 650 ºC.
Table 9.1 XPS data for Ti 2p1/2 and Ti2p3/2.
Ti4+ 2P1/2

Sub-1

Ti4+ 2p3/2

Annealing
temperature

Binding
energy
(eV)

Area
(%)

FWHM
(eV)

Binding
energy
(eV)

Area
(%)

FWHM
(eV)

Binding
energy
(eV)

Area
(%)

FWHM
(eV)

Binding
energy
(eV)

Area
(%)

FWHM
(eV)

Standard
deviation

450 ºC
500 ºC
550 ºC
600 ºC
650 ºC

464.04
464.13
463.93
464.18
463.31

31.35
31.93
31.15
31.42
17.62

2.41
2.46
2.37
2.41
2.32

459.86
459.81
459.26
460.28
462.99

6.20
8.12
11.64
5.72
11.96

2.63
2.46
2.17
2.69
2.87

458.50
458.63
458.34
458.90
458.43

44.13
36.31
41.2
25.74
17.76

1.77
1.65
1.52
1.74
1.45

458.04
458.11
457.79
458.26
458.34

18.32
23.64
16.01
37.12
52.67

1.31
1.39
1.28
1.47
3.16

0.9909
0.9991
0.9999
0.9989
0.9922

Sub-2

As discussed above, annealing in a neutral and oxygen free environment is likely to result in
the formation of partial oxygen vacancies in the titania network. Yet the extracted data in Fig.
9.4(b) demonstrates that the ratio of Ti3+ to Ti4+ increases remarkably after annealing at
temperatures in excess of 550 ºC. Therefore, although annealing for longer periods of time
leads to atomic reconstruction inside the TiO2 crystal structure, resulting in a much lower
density of oxygen vacancies, a higher ratio of Ti3+/Ti4+can still be obtained. Based on the
XPS results and the XRD patterns, it seems that the amount of Ti3+ slightly decreases during
the formation of the rutile phase upon annealing at 550 ºC and then increases after the
completion of the A→R transformation.
Comparing the Raman and XPS spectra demonstrates that annealing the self-organized titania
nanotubes in a reductive atmosphere for 5 h is more likely to form reduced Ti+3 cations. The
enhanced heat-treatment duration could be partially responsible for the observed phenomena,
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while introducing inert atmosphere at higher temperature also increases the ratio of Ti+3/Ti+4.

9.3.4 FESEM investigations
Fig. 9.5(a-b) shows top view FESEM micrographs of TNTA/450-650 ºC. The average wall
thickness and inner diameter of the TiO2 nanotubes measured from the FESEM images are
approximately 10-15 nm and 25-40 nm, respectively. A typical side view of as-prepared
TNTA is shown in Fig. 9.5(c). The micrograph clearly shows that the as-prepared vertically
aligned titania nanotubes in this architecture are well-separated from each other. The top view
FESEM images at moderate magnifications (Fig. 9.5(a)) confirm the formation of nanotubes
over the surface of the Ti substrate in the samples annealed from 450 ºC to 550 ºC. Based on
the XRD patterns, anatase phase is the dominant phase in the TNTAs annealed at
temperatures lower than 550 °C. FESEM micrographs of these samples (Fig. 9.5(a-450 ºC to
a-550 ºC)) exhibit no detrimental effects on the ordered morphology of the nanotubes after
annealing. The top view FESEM images of TNTA/600 ºC and 650 ºC, however show some
small particles in addition to the nanotubes. It has been suggested that nanotube collapse is
strongly linked to the rutile conversion [11]. As is clear in Fig. 9.5(b), some of the tubes start
to stick together and gradually grow to form bigger particles at higher temperatures
(TNTA/650 ºC), which promotes the A→R transformation. Therefore, it can be concluded
that annealing at 650 ºC does not have any additional beneficial effects compared to
annealing at 600 ºC due to the collapse of nanotubes, and it also results in the detachment of
nanotubes from some parts of the Ti substrate. In a recent report, Hesabi et al.[18] reported
that the tubular structure collapses during the heat treatment process and concluded that short
tubes cannot survive at high temperatures. The as-prepared TNTAs studied in this work,
however, typically exhibit much longer lengths (800-1000 nm). As a result, these nanotubes
can retain their structure up to 600 ºC.
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Fig. 9.5 FESEM micrographs of samples: (a) top views of TNTAs, with the insets showing
higher magnifications, (b) low magnification top views of samples annealed at 600 ºC and
650 ºC, and (c) a typical side view of the as-prepared TNTA samples.

172

Chapter 9: Optimal conditions to enhance the electrochemical capacitance of TNTAs

9.4 Electrochemical characterization
A conventional method, using a three-electrode system in a beaker type cell at room
temperature and 1 M NaOH aqueous solution as electrolyte, was employed for
electrochemical

characterization

of

the

samples.

Cyclic

voltammetry

(CV)

and

electrochemical impedance spectroscopy (EIS) measurements were carried out using a BioLogic VMP3 battery tester. CV tests were conducted over a voltage range of -0.6 to 0.3 V at
various scan rates (from 1 to 100 mV s-1). The frequency range of 10 kHz to 10 mHz under
bias potential of -0.4 V using a 5 mV rms sinusoidal modulation was chosen for the EIS
measurements. The galvanostatic charge-discharge (CD) method was applied using a battery
test system (LAND CT2001A) to calculate the capacitance and investigate the cycle life of
the electrodes. The cycle life of all samples was measured over a potential window range of 0.6 to 0.3 V at various current densities (from 33 to 333 mA g-1).

9.4.1 Cyclic voltammetry testing
Cyclic voltammetry is usually the first method used to measure the performance of working
electrodes in supercapacitor applications. The overlaid CV responses of the samples at the
scan rate of 100 mV s-1 are shown in Fig. 9.6(a). TiO2 typically shows an almost rectangular
cyclic voltammogram, which stands out as an indication of electrochemical double layer
supercapacitors. The specific capacitance (Cs) of the electrodes was calculated from the
following Eq. (9.3):
Cs = C/[S(/m)] = I/[(dV/dt)×S(/m)]

(9.3)

where, I is the charge-discharge current, dV/dt is the scan rate, and S(/m) is the surface area of
the working electrode (/mass of active material). The specific capacitance for the TNTAs was
calculated based on both the surface area and the mass of the active material. The cyclic
voltammograms demonstrate a significant increase in capacitance with increasing annealing

Chapter 9: Optimal conditions to enhance the electrochemical capacitance of TNTAs

173

temperature up to 600 ºC. The decrease in the area inside the rectangular curve for the sample
annealed at 650 ºC, however, reflects a drop in capacitance as an effect of heating at this
temperature. The calculated specific capacitance for the sample annealed at 600 ºC is plotted
against the scan rate in Fig. 9.6(b).

Fig. 9.6 (a) CV curves of TNTA/450 ºC-650 ºC at scan rate of 100 mV s-1, and (b) variation
of specific capacitance with the scan rate for TNTA/600 ºC, in 1 M NaOH and with Ag/AgCl
(KCl saturated) as reference electrode.
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The highest value of specific capacitance was recorded to be 2.6 mF cm-2 (19.2 ± 2.5 F g-1) at
1 mV s-1. This value is far higher than the values already reported in the literature for TiO2
(10-120 µF cm-2) [21-23, 37] and other conventional double layer capacitors (12.6 F g-1) [4].
The capacitance values decreased with increasing scan rate, as is usually expected due to the
diffusion limitations in the nanotube channels [3, 21].
In the previous chapter, it was found that titania nanotube channels prepared by anodic
oxidation could enhance the capacitance properties of TiO2 through providing a direct
pathway for electron transfer [29]. In addition, the oxygen vacancies created inside these
structures greatly increase the capacitance of TiO2 nanotube supercapacitors due to the
increase in the TiO2 conductivity [30]. In the present chapter, however, increased specific
capacitance could be attributed to the partially reduced valence states created at the surface of
the titania nanotubes. The enhanced capacitance might also be due to the presence of other
defects formed during annealing in a reductive atmosphere, such as titanium interstitials. As
discussed above, the higher the temperature, the higher the ratio of Ti3+/Ti4+ would be.
Moreover, changing the electrical properties of oxides through changing the reduction
conditions is an already well-established technique reported in the literature, i.e., annealing
TiO2 in an inert atmosphere provides higher conductivity values due to the conversion of Ti4+
to Ti3+. Therefore, obtaining such a structure typically leads to higher ionic transfer during
charge and discharge processes, and consequently results in higher capacitance values. It
seems that there is an optimal temperature, however, above which the capacitance cannot be
increased, possibly due to either structural collapse or the complete conversion of anatase to
rutile. These processes are linked together and result in the loss of the charge-carrying
capacity within the structure.
According to the literature, titania immediately forms a condensate with the addition of water
in basic and neutral media and subsequently forms an amorphous TiO2 surface layer after
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anodic treatment [28, 36]. This fast condensation under neutral conditions leads to arbitrary
bondings, resulting in a strongly condensed but poorly defined structure [38]. Even the
addition of NH3 cannot organize the structure into a crystalline structure, mainly because the
addition of bases results in very fast precipitation of TiO2 and there is not enough time for
crystallization to take place. Therefore, anatase can only be formed upon calcination. In terms
of electrical conductivity, anatase is much more conductive than amorphous TiO2, and the
presence of rutile may lead to a decrease in electrical conductivity [11, 39]. The formation of
rutile can result in the consumption of Ti4+, however, and the simultaneous increase of
Ti3+/Ti4+ within the TiO2 network.

9.4.2 Chargedischarge testing
Fig. 9.7(a) presents the overlaid charge-discharge curves of TNTA/ 450-650 ºC at the current
density of 10 µA cm-2 (66 mA g-1) over the same potential window used in the CV tests. The
specific capacitance was calculated using the following Eq. (9.4):
Cs = [I×∆t]/[S(/m)× ∆V]

(9.4)

where, I is the discharge current, ∆t is the discharge time, S is the apparent surface area (with
m the mass of the active material), and ΔV is the potential window. The average calculated
specific capacitance for the working electrodes annealed at different temperatures of 450,
500, 550, 600, and 650 ºC was recorded at 1.1, 1.9, 2.8, 7.6, and 7.1 F g-1 at current density of
5 µA cm-2 (33 mA g-1), respectively. The trend towards reduction of the electrochemical
capacitance in TNTA/650 ºC can be attributed to the partial collapse of the nanotube
structure.
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Fig. 9.7 (a) Comparative charge-discharge curves of TNTA/450 ºC-650 ºC at current density
of 10 µA cm-2 (66 mA g-1), and (b) specific capacitance at different current densities for
TNTA/600 ºC, in 1 M NaOH and with Ag/AgCl (KCl saturated) as reference electrode.
The variation of the average specific capacitance of TNTA/600 ºC with current density is
plotted in Fig. 9.7(b). The highest capacitance of this sample at current density of 33 mA g-1
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is recorded at 7.6 F g-1, while it drops to 3.6 F g-1 at the current density of 333 mA g-1. These
results are in good agreement with those calculated using the CV results. A sharp decrease in
specific capacitance is observed at low current densities, while an approximately stable
capacitance was obtained at higher current densities, indicating good power capability of the
electrode [3].
A common linear relationship between voltage and the charge-discharge time curves is
expected from an ideal double layer capacitor. In addition, based on the literature, TiO2 only
contributes a very low non-faradic capacitance and almost no faradic capacitance [22, 30,
40]. The nanotube layers studied in this work, however, were exposed to an inert atmosphere.
It is clear from Fig. 9.7(a) that there is a deviation from the linear curve in the chargedischarge process, confirming that a pseudocapacitance contribution could also be involved.
It is proposed that this non-linear curve could be attributed to the reduction of Ti4+ to Ti3+ on
the surface of the nanotubes, which could not be detected by CV tests. Therefore, it is safe to
assume that optimally introduced defects within titania nanotubes during the annealing
process would result in a great increase in the capacitance due to a faradic reaction.

9.4.3 Cycleability
The long term cycling behaviour is one of the essential parameters in evaluating the
performance of working electrodes in supercapacitor applications. The specific capacitance
of the samples annealed in the temperature range of 450-650 ºC at a current density of 10 µA
cm-2 (66 mF g-1) is presented as a function of cycle number in Fig. 9.8. It shows that samples
annealed at 450 and 650 ºC exhibit excellent cycling performance with nearly 100% retention
of capacitance up to 1000 charge-discharge cycles. A slight increase is observed in the
specific capacitance of TNTA/600 ºC with increasing cycle number, which might be due to
the activation of more non-stoichiometric states of titanium dioxide during charge-discharge
processes, contributing to the enhancement of the specific capacitance. Besides, as is obvious,
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there is a slight decrease in the capacitance of the sample annealed at 500 and 550 ºC, i.e., the
specific capacitance values remain at around 77% and 97% of the original values up to 1000
cycles, respectively. The decay is likely due to the reductive states introduced in the heating
regime. As was proposed earlier, there is a competition between the formation of the reduced
state of Ti3+ and the formation of rutile at these two temperatures, which might have
compensated the non-stoichiometric state of TiO2 and resulted in fewer defects inside the
tubes.

Fig. 9.8 Cyclic performance of TNTA/ 450- 650 ºC electrodes at current density of 10 µA
cm-2 (66 mF g-1).

9.4.4 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is a powerful technique widely used to study
porous electrodes. It provides a good understanding of the internal resistance of an electrode
material and the resistance between the electrode and the electrolyte [11, 41]. Fig. 9.9
compares the Nyquist plots of the 5 working electrodes, with EIS carried out and analysed in
the frequency range of 10 kHz to 10 mHz and sinusoidal perturbation of 5 mV. The enlarged
high frequency region of the spectra is shown as the inset.
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Fig. 9.9 Nyquist plots of TNTA/450–650 ºC. The inset shows an enlargement of the high
frequency region.
The Nyquist plot of the sample annealed at 600 ºC exhibits a much lower impedance value
than the samples annealed under other conditions. To gain a better understanding of the
process taking place on the electrode surface, the Nyquist plot, Bode plot, and proposed
equivalent circuit (R1+CPE1/R2+CPE2/R3) obtained from fitting of the EIS experimental data
of TNTA/600 ºC are presented in Fig. 9.10(a-b).
The semicircle characteristic at high frequencies in the corresponding Nyquist plots reveals
the charge transfer resistance (RCT) between the electrode and the electrolyte [12, 42]. The
diameter of the RCT semicircle gives an approximate estimation of the electrode resistance,
which is closely related to the surface area and conductivity of the active material [43]. As
vividly shown in the inset of Fig. 9.9, the titania nanotubes subjected to heat-treatment at 600
ºC showed much lower charge transfer resistance and consequently, higher conductivity.
These results are in good agreement with previous results obtained from other
electrochemical techniques.
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Fig. 9.10 (a) Nyquist plot for TNTA/600 ºC, with the inset showing an enlargement of the
high frequency region; (b) Bode plot for TNTA/600 ºC, and equivalent circuit of TNTA/600
ºC at a constant potential of -0.4 V, as the inset.
At low frequencies, a pure supercapacitor electrode usually exhibits an almost vertical line
on the Nyquist plot and a phase angle close to 90º on the Bode plot [3]. However, as shown
in Fig. 9.10(a-b), the slope of the Nyquist plot and the phase angle deviate from a perfect
vertical line and 90º, which is due to the pseudocapacitance effects from the nonstoichiometric nanostructure introduced by the annealing process. Therefore, the purely
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capacitive element (CdI) should be replaced by a constant phase element (CPE) catering for
the pseudocapacitance behaviour and representing the capacitance of the working electrode
(inset in Fig. 9.10(b)).
The impedance results for a solid electrode/electrolyte interface often reveal a frequency
dispersion that cannot be described by simple elements. The frequency dispersion is generally
attributed to a "capacitance dispersion" expressed in terms of a constant-phase element.
Different origins of the capacitance distribution have been discussed in the literature,
including distributed surface reactivity, roughness, electrode porosity, etc. Different
equations have been proposed to estimate the impedance of the CPE [3, 41, 44]. The CPE
parameter is defined as 1/Qα for the capacitance dispersion, where the exponent α arises from
the slope of log Z vs. log f. The value of α varies between -1 and 1. When α = 0, the CPE
represents a pure resistor, at α = 1, a pure capacitor, and an inductor at α = -1. At α = 0.5, the
CPE corresponds to the Warburg impedance (ZW). Two CPE elements were defined to
introduce the time constants needed to model the behaviour of porous structure [3, 18, 41].
R1, R2, and R3 represent the solution resistance, the resistance of the TNTA electrode, and the
charge transfer resistance through the electrode, respectively. [11] The values of the fitting
elements from the randomized method circuit used by Bio-Logic VMP3 are also summarized
in Table 9.2. The proposed equivalent circuit for the TNTA/600 ºC electrode can be
compared with that of titania nanotubes annealed under argon and nitrogen (TNT/Ar and
TNT/N2) [11]. The resistance of the electrode/electrolyte interface (R2 = RCT) and the
resistance associated with charge transfer through the active material (R3), as determined by
the fitting of the experimental data, were found to be 0.5 × 105 and 313.5 Ω, which are 13.5
and 1200 orders of magnitudes less, respectively, than what is reported in Reference [11].
Owing to the annealing of the working electrodes under optimal conditions, a partially
reduced TiO2 network can lead to an extraordinary improvement in the electrical conductivity
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and subsequent enhancement of charge propagation through the system [16]. The value of the
α1 parameter is very close to 1, which denotes a pure capacitor, implying highly capacitive
behaviour by the electrode. The deviation of the α2 value from the Warburg resistance (0.5),
however, demonstrates a diffusion based resistance, further implying pseudocapacitive
behaviour of the system.
Table 9.2 Equivalent circuit parameters for TNTA/600 ºC.
Parameter
R1 (Ω)
CPE1 (m F.s (α-1))
α1
R2 (Ω)
CPE2 ( m F.s (α -1))
α2
R3 (Ω)

Value
2.134
0.7506
0.9119
50924
0.9518
0.536
313.5

Deviation
0.5627
2.919e-6
0.5044
247.6
39.88e-6
0.5107
6.549

9.5 Summary
In conclusion, by annealing self-organized TiO2 nanotubes under optimal conditions, the
highest reported capacitance values for an EDLC system were achieved. This process was
carried out without losing the ordered nanotubular structure, while creating a high amount of
defects inside the TiO2 structure at the same time. Such a non-stoichiometric state of TiO2
showed extraordinary enhancement in terms of electrochemical properties. Galvanostatic
charge-discharge and EIS testing of the resultant electrode confirmed the pseudocapacitance
contribution of the titania nanotube arrays and the huge enhancement in ion transfer within
the titania nanotube arrays. The results presented in this chapter demonstrate that titania
nanotubes mostly composed of rutile phase exhibit high conductivity and low charge transfer
limitations, which is mainly attributed to the conversion of Ti+4 into Ti+3 through the
formation of rutile phase. In summary, the promising properties of the materials presented
here are potentially applicable in many specialised technical applications, including electric
charge storage devices, as demonstrated.
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Chapter 10: TiO2 based
microsupercapacitor devices
10.1 Introduction
To build self-powered micro-/nano-device systems that take advantage of recent advances in
bio-microelectronics, it is important to fabricate microscale energy storage units. The pursuit
of increased functionality in handheld and miniaturized electronic devices, such as
implantable medical devices and active radio frequency identification (RFID) tags, has
fuelled the ever-increasing demand for suitable energy storage systems at appropriate length
scales. In this regard, electric double layer capacitors (EDLCs), also called supercapacitors or
ultracapacitors, are considered as an alternative to bridge the gap between batteries and
common capacitors [1-6]. As such, microscale supercapacitors are receiving great attention
due to the much lower response time and the much higher power capabilities, which are
vitally important for integrated energy conversion devices. Compared to their larger cousins,
microsupercapacitors enjoy unique benefits such as decreased diffusion length and increased
surface area, resulting in a better exploitation of their inherent properties and consequently,
much improved performance [7-14]. TiO2 exhibits three key advantages which can be
effectively utilized for such systems. First, recent advances in the field have demonstrated its
exciting capacitive properties, which can form the basis for electromechanically coupled
energy storage systems. Second, TiO2 is known to be relatively biosafe and biocompatible, so
that it can be used for biomedical applications. Finally, TiO2 is one of the most abundant
materials used for everyday applications. To this end, the advent of new materials processing
techniques such as anodization of metal sheets has provided the required platform to fabricate
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devices with unique 3D micro-architectures and nanoscale features [15, 16]. The previous
result chapters explored this method to fabricate controlled nanotubular and nanoporous TiO2
micro-architectures which can provide unique and uninterrupted pathways for charge
transfer, resulting in high capacities and extended cycle life [17-19].

10.2 Design of TiO2 nanotube based microsupercapacitor
10.2.1 Cell preparation
Self-organized TiO2 nanotube arrays (TNTAs) were made via the anodic oxidation method
and annealed at 600 °C under argon pressure for 5 hours, which is explained in detail in
Chapter 9. Two identical self-organized titania nanotube arrays grown on Ti foil were directly
used as the working electrodes. Electrochemical measurements were performed using a twoelectrode configuration system in a beaker type cell at room temperature. The two electrodes
were separated by an ion-permeable separator (polycarbonate membrane filter) and tied
together by a rubber band. Physical properties of the as-prepared materials were further
studied by field emission scanning electron microscopy (FESEM; JEOL JSM-7500FA).
In general, the combination of active materials with binder is one of the most important steps
in electrode preparation. Binders, however, adversely affect the high power and high energy
density of electric double layer capacitors (EDLCs) [11, 20]. Here, TNTAs were grown on
the Ti substrate and directly used to fabricate a device. This structure provides a rigid and
unique pathway for electron transfer during charge and discharge processes [18]. This is
important for electrochemical capacitor (EC) applications, mainly because the need for any
additional binders or conductive additives can be eliminated, since the as-prepared TiO2 tubes
on top of the Ti foil can simultaneously act as both the current collector and the active
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material. This conceept can be further
f
used to fabricatee porous, ligghtweight, and
a simplifieed
supercapacitors that can
c be integrrated into sm
mart garmentts.

10.2.2 Cell
C schem
matic and physical
p
properties
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pacitor conffiguration waas used to aassess the eleectrochemical
performaance of the as-prepared TNTAs,
T
as illlustrated in Fig. 10.1.

Fig. 10.1
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Furthermore, the high average pore size ensures higher accessibility of the surface area to
electrolyte ions. This open pore architecture results in a large accessible area leading to a
significantly better performance.

10.2 (a) Cross-sectional and (b) top view FESEM images of TNTA annealed at 600 °C for 5
h under argon atmosphere.
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10.3 Corresponding pore diameter distribution histogram of TNTA material.

10.3 Electrochemical measurements
Cyclic voltammetry (CV) and galvanostatic charge-discharge (CD) cycling were conducted
using a Biologic VMP3 potentiostat on the prepared 2-electrode cells. Electrochemical
measurements were performed in different aqueous electrolytes; 1M H2SO4, 1M NaOH, and
phosphate buffered saline (PBS) aqueous solutions. All CV and CD tests were conducted
over a positive potential window ranging from 0 V to 1 V at various scan rates. Since the
acidic and basic electrolytes are not biocompatible, it was decided to use a physiological
liquid such as phosphate buffered saline (PBS) as the electrolyte of choice for possible usage
of this device in medicine or biological applications.
Fig. 10.4(a) and (b) show the CV responses of the TNTA device in different electrolytes at
two scan rates of 100 and 1 mVs-1. The rectangular CV responses at high scan rates (100
mVs-1) are the sign of almost perfect capacitive behaviour. The CV shape tends to deviate
from the rectangular shape at very low scan rates (1 mVs-1), however, which reflects a faradic
reaction that might contribute to the charge storage process.
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Fig. 10.4 Comparative CV curves of TiO2 based supercapacitors at scan rates of (a) 100 mV
s-1, and (b) 1 mVs-1 in different electrolytes.
The electrochemical performance of the as-prepared device was further studied by
galvanostatic charge-discharge tests. Charge-discharge curves of the TNTA device, obtained
in different electrolytes at a current density of 10 µAcm-2 (66.7 mAg-1), are shown in Fig.
10.5. Comparable CD curves of the TNTA device at higher current densities in acidic
electrolyte are also plotted in Fig. 10.6. From the charge-discharge curves it can be deduced
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that there was clearly better capacitance performance in H2SO4 compared to the other
electrolytes, which supports the CV results.

Fig. 10.5 CD performances of TNTA microsupercapacitor in different electrolytes at a
constant current density of 10 µA cm-2 (66.7 mA g-1)

Fig. 10.6 CD curves of TNTA device at different current densities using an acidic electrolyte.
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A clear deviation from a linear charge-discharge curve can be observed in all the curves,
which is an indication of a faradic reaction taking place on the electrodes [17, 19]. It is
believed that when the active material is in the fully oxidized state, there is no
pseudocapacitive contribution [22]. Nevertheless, the NTAs used in this work are in a nonstoichiometric state (see Fig. S 2.1 in Appendix 2) which might contribute to faradic reactions
that take place on the surface during charge-discharge process. No obvious peaks
corresponding to any faradic reactions were observed in the cyclic voltammograms, however.
At a high current density (2 Ag-1), the deviation from triangular shape was minor, indicating
fast ion transport through the system and suggesting an efficient EDLC (Fig. 10.6).
Furthermore, the low equivalent series resistance (ESR), observed from the negligible IR
drop, is an indicator of high overall conductivity in the system, as a direct result of annealing
the architecture in Ar to attain maximum Ti3+ content, while maintaining the optimum level
of conductivity at the same time (see details in Appendix 2). Oxygen loss from the surface
due to the introduction of an inert atmosphere during annealing at temperatures as high as
600 °C can itself promote the reduction of Ti4+ to Ti3+. On the other hand, as already
discussed in Chapter 9, annealing TNTAs for such a long period of time can result in
reconstruction of the atomic structure of titania and has a tendency to produce more Ti
interstitials than oxygen vacancies. Such a non-stoichiometric titania structure (TNTA/argon)
can therefore create a net negative charge on the surface of the nanotubes. The new insight
provided by new density functional calculations (DFT-U) also demonstrates that the charge is
strongly correlated with the sites of point defects (either oxygen vacancies or Ti interstitials),
and the charges are not delocalized over the bulk, which further verifies that the charge will
remain on the surface [23]. This localization of the net negative charge on the surface can
therefore promote the EDL capacitance. Therefore, the excellent electrical conductivity of the
argon-treated samples due to the non-stoichiometric structure makes them suitable candidates
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for achieving high capacitance compared to their air-treated counterparts [17]. The asprepared TiO2 nanotubular structure in this study exhibits very low wall thickness (10-15 nm)
and an open pore structure (36 nm pore size on average), which ensures that most of the
material can contribute to electrostatic charge diffusion and accumulation at the
electrode/electrolyte interface with minimum surface penalty. In addition, the physical
separation of nanotubes results in the realization of the unique properties that individual tubes
exhibit. This structure facilitates the easy access of ions to all of the material. The open
network within the structure can therefore be utilized in achieving the maximum potential of
the whole surface area in this regard.
The specific capacitance of the working electrode in the two-electrode configuration can be
calculated by integrating the area under the cyclic voltammetry (CV) or charge-discharge
(CD) curves using Eq. (10.1) or Eq. (10.2), respectively [24-26].
Cs = 2I/[(dV/dt) × S]

(10.1)

where Cs is the specific capacitance (F cm-2or F g-1or F cm-3), I is the charge-discharge
current (A), dV/dt is the scan rate (V/s), and S is the surface area (cm2) of the working
electrode (per unit mass (g) or per unit volume of active material (cm3)).
Cs =

(10.2)

where, Iconst is the constant current, m is the mass of active material (g), and dV/dt is the slope
of the discharge curve (V/s).
For the sake of comparison, the volumetric specific capacitance obtained from CV and CD
performances for TNTA in different electrolytes are plotted against different scan rates and
shown in Fig 10.7(a-b).
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Fig. 10.7 Variation of volumetric specific capacitance of TNTA versus scan rate extracted
from (a) CV and (b) CD performed in different electrolytes.
The capacitance of the microdevices decreased with increasing scan rate, as is usually
expected due to the diffusion limitations of ion transfer in the nanotube channels [19, 27]. In
addition, it is evident that introducing acidic electrolyte (H2SO4) could enhance the specific
capacitance of TiO2 nanotubes by roughly around two times compared with the other
electrolytes. The highest specific capacitance obtained using acidic electrolyte is measured to
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be 220 F cm-3 (17.5 mF cm-2/ 116±14 F g-1) at 1 mVs-1, while it is 80 F cm-3 (6.4 mF cm-2/ 43
± 4 F g-1), and 70 F cm-3 (5.6 mF cm-2/ 41 ± 4 F g-1) in the biological buffer (PBS electrolyte)
and NaOH aqueous electrolyte, respectively. This value is far higher than the values already
reported in the literature for TiO2 (0.10-0.12 mF cm-2) [27-29] and other conventional double
layer capacitors (12.6 F g-1) [30], including graphene based microsupercapacitors (0.51 mF
cm-2 [31] and 0.39 mF cm-2 [32]).

10.4 Electrolyte conductivity
In this chapter, the supercapacitive performance of the TNTA microdevice has been
evaluated in the conventional acidic (H2SO4) and basic (NaOH) aqueous electrolytes. In
addition, taking advantage of the biocompatible nature of TiO2, PBS was also chosen as an
electrolyte to develop a wholly biosafe device for utilization in medicine or biological
applications. PBS is a buffer solution commonly used in biological research. It is a waterbased salt solution containing sodium chloride, sodium phosphate, and, in some formulations,
potassium chloride and potassium phosphate.
When potential is applied, the acidic electrolyte solution (H2SO4) produces SO4- and H3O+
ions. H3O+ possesses much a higher transference number than other types of cations such as
Na+ and K+, which would result in higher electrolyte conductivity. In terms of ionic size, the
hydrated ionic radii of Na+, and H3O+ are reported to be 358 pm and 280 pm, respectively.
According to the Helmholtz formula, the smaller size of ion might result in a lower charge
separation distance and thus a higher capacitance for a given surface area. Therefore, the
TNTA device operated in the acidic electrolyte can achieve higher specific capacitance due to
higher ionic conductivity, and smaller ionic size [33].
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The excellent volumetric capacitance values, as high as 220 F cm-3 in H2SO4 and 80 F cm-3 in
PBS, which are three to four times higher than or equal to the those of conventional carbon
electrodes (about 80 F cm-3 [9, 34]), and much higher than the values reported for graphene
based microsupercapacitors [26], are obtained. This shows that we have reached the goal of
achieving an excellent capacitance value which can be used for biological applications, as
well.

10.5 Cycleability
In terms of practical application, the long term cycleability is very important. The specific
capacitance of the TNTA device in different electrolytes at the scan rate of 20 mV s-1 is
presented as a function of cycle number in Fig. 10.8. As can be seen, the TNTA device
exhibits excellent cycling performance up to 2000 cycles for cyclic voltammetry in different
electrolytes. After 2000 cycles, the retained capacitance of the TNTA device in H2SO4,
NaOH, and PBS was 90%, 96%, and 83% of its original value, respectively.

Fig. 10.8 Cycling performance of TNTA obtained from CV performance at the scan rate of
20 mVs-1.
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10.6 Energy density and power density
The energy density and power density were subsequently estimated using the following
equations (Eqs. (10.3) and (10.4)):
E = 1/7200 Cs(∆V)2

(10.3)

P = E/∆t

(10.4)

where, E is the energy density (Wh Kg-1), P is the power density (W Kg-1), Cs is the specific
capacitance (F cm-3) calculated from CD, ∆V is the window potential (V), and ∆t is the
discharge time (s).
Since, there are slight changes in the electrochemical performance of TNTA in NaOH, and
PBS electrolytes, the Ragone plot is only presented for TNTA performed in H2SO4 and PBS
electrolytes. The Ragone plots obtained from one TNTA working electrode and TNTA
devices made from different thicknesses of initial Ti foil are presented in Fig. 10.9. The
volumetric energy density and power density were calculated from CDs at different current
densities. Considering only the active thickness of the electrodes (0.8 µm), the highest
volumetric capacitance, energy density, and power density are 220 F cm-3, 20.48 × mWh cm3

, and 7.5 W cm-3, which are much higher that the already reported values for graphene based

microsupercapacitors (3.1 F cm-3, 0.43 × mW h cm-3, and 9.4 W cm-3 [31], and 1.36 × mW h
cm-3 [26]). Even at very high current densities (2 A g-1) (Fig. 10.6), the system continued to
provide outstanding EDL capacitance, which is comparable to the specific capacitance values
of thin film supercapacitors and microdevices at lower current densities.
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Fig. 10.9 Ragone plot for TNTA supercapacitors in H2SO4 and PBS electrolytes.

10.7 Comparison of TNTA with conventional microsupercapacitors
In order to have a comprehensive idea of TNTA device performance in different electrolytes,
the highest obtained specific capacitances, energy densities, and power densities are also
compared to those recently reported microsupercapacitor materials, as summarized in Table
10.1.

10.8 Summary
The present chapter reports the design of a novel, simple, yet efficient chemicalelectrochemical approach to fabricate titania microsupercapacitors with extraordinary
volumetric capacitance, energy density, and power density (220 F cm-3, 20.48 × mWh cm-3,
and 7.5 W cm-3, respectively). The concept proposed here can be used as an enabling
platform to fabricate self-sustaining micromodules which can be combined with a range of
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energy-harvesting devices, including solar cells, and piezoelectric or thermoelectric microgenerators.
Table 10.1 Overall performance of TNTA device in different electrolytes compared with
other microsupercapacitor materials.

Working
Material

Reference

Specific
capacitance
F g-1

Specific
capacitance
mF cm-2

Specific
capacitance
F cm-3

Energy
density
×10-6
Wh
cm-2

Energy
density
mWh
cm-3

Power
density
mW cm-2

1M
H2SO4

116

17.5

220

1.6

20.5

0.6

7.5

PBS

43

6.4

80

0.89

11.1

0.59

7.499
1250

electrolyte

Power
density
W cm3

TNTA
device
TNTA
device
PANI1
nanowire
arrays

Current
work
Current
work
[12]

Solid
electrolyte

-

-

588

-

82

-

pen ink

[6]

1M
Na2SO4

-

19.5

-

2.70

9.07

-

LSGEC2

[26]

Organic

-

4.82

-

-

1.36

RMGO

[32]

Organic

247

0.394

-

0.014

[31]

Organic

-

0.51

3.1

-

0.43

-

9.4

[35]

Organic

-

2.1

2.7

1.8

-

44.9

-

[11]

Organic

-

0.9

9.0

-

10

-

1000

hydrated
graphite
oxide
inkjetprinted
carbon
onionlike
carbon

-

20

0.009×103

1

PANI: Polyaniline

2

LSG-EC: Laser scribing of graphene based electrochemical capacitors

Compared to the numerous existing carbon materials, titania microsupercapacitors possess
definite advantages, such as low fabrication cost, non-toxicity, and well-established industrial
production. Furthermore, the non-toxic, biologically inert titania has been proven to exhibit
excellent electrochemical properties in physiological solution (PBS), which can inspire an
alternative strategy towards a new generation of microscale energy storage devices suitable
for a range of medical and biomedical applications.
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Chapter 11: Conclusion & Future
Outlook
11.1 Conclusion
Throughout this work, the fabrication of two types of titania nanostructures, titania nanotube
arrays and nanocrystalline TiO2 powder, through different routes has been investigated for
energy harvesting applications. The aim of this doctoral study was to functionalize TiO2
nanotube structures prepared by the anodic oxidation method for use as binder-free electrodes
in supercapacitors.
TiO2 nanotubular structures exhibit distinct advantages, such as providing rigid tubular
channel paths and highly active surface sites for ion diffusion and charge transfer, which
yield capacitance values (538-911 µF cm-2) several times higher than those of conventional
double layer supercapacitors.
This PhD study also presents an investigation of tailor-made anodic conditions to achieve a
novel hybrid structure with an artificial top layer, resembling a uniform porous structure, with
a nanotubular structure underneath. The results showed that the degree of deformation of the
obtained titanium oxide layers can be greatly changed by decreasing the water content of the
electrolyte. The morphological changes highlight the strong dependence of the extent of tube
deflection and etching on the nanotube physical dimensions and the electrolyte viscosity.
This approach provides a new fabrication platform to fine-tune the characteristics of anodic
TiO2 nanostructures.
A further investigation allowed us to study the effects of annealing atmosphere on the
electrochemical properties of TiO2 nanotube arrays. It was determined that introducing a non-
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stoichiometric TiO2 structure through inert atmosphere treatment could have a considerable
influence on enhancement of the electrochemical properties of TiO2 nanotubes. It is proposed
that partial reduction of Ti4+ to Ti3+ as a result of this non-stoichiometry would result in
introducing oxygen depletion into the TiO2 nanotube structure and would enhance the
electrical conductivity of the final materials.
A systematic study of the annealing conditions revealed clues that prolonged heat treatment
of TiO2 under a reductive atmosphere could increase conductivity even further and enhance
the capacitance of the working electrode. Based on X-ray photoelectron spectroscopy and
Raman scattering results, it was found that titanium interstitials created during the heat
treatment regime were responsible for the extraordinary enhancement of TiO2 capacitance, up
to 2600 µF cm-2.
Galvanostatic charge-discharge and electrochemical impedance spectroscopy measurements
of the resultant electrode confirmed the pseudocapacitance contribution of titania nanotube
arrays and the huge enhancement of ion transfer within them. The results also showed that the
TiO2 nanotubes mostly composed of rutile phase exhibit higher conductivity and lower
charge transfer properties, which is mainly attributed to the conversion of Ti+4 into Ti+3
through the formation of rutile phase. This process was carried out without losing the ordered
nanotubular structure, while creating a high amount of defects inside the TiO2 structure at the
same time. Good chemical stability of the TiO2 nanotubes was also confirmed by conducting
very long cycling galvanostatic charge-discharge tests.
In addition, the performance of the obtained binder-free electrodes in a two-electrode
configuration set-up was examined using different electrolytes. It was demonstrated that the
highest amount of capacitance for TiO2 nanotubes, up to 17500 µF cm-2, could be achieved
by using an acidic electrolyte, 1 M H2SO4. In addition, in preliminary electrochemical
measurements, specific capacitance as high as 6400 µF cm-2 using a biocompatible
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electrolyte, phosphate-buffered saline (PBS), sparked the idea of utilization of this structure
in energy storage for biological applications.
As a whole, this work introduces a novel yet simple approach to overcome the high electrical
resistivity of bare titania to meet the requirements of higher specific capacitance applications,
especially in areas in which biocompatibility, chemical stability, and cost are at the focus of
attention.

11.2 Outlook
Future projects based on this research include further optimization of the anodic oxidation
and annealing treatments, together with studies of the electrochemical properties of the new
materials.
Based on the obtained results, it appears that the introduction of the present modifications of
TiO2 nanotubular structures into other applications might be beneficial, especially for
consideration in solar cells and lithium ion battery applications.
The methods presented here, including electrochemical oxidation and sol-gel, are also
applicable to hybrid materials that are fabricated by adding nanoparticles of other
compounds.
Combination of the nanotubular structure of TiO2 with graphene sheets may provide a new
type of hybrid electrode. Concurrently, electrochemical oxidation of Ti sheets and graphene
might lead to interesting structures with different physical and electrochemical behaviours in
various applications.

Appendix 1
I. SEM image of ionmilled anodic TiO2 nanotubes
Fig. S 1.1 shows an SEM image of TiO2 anodized in electrolyte containing 0.4 % water after
top ion milling. The ion milling was conducted at the University of Erlangen-Nuremberg,
Germany, by Prof. Patrik Schmuki, which confirms that separated tubes were formed
underneath the porous structure.

Fig. S 1.1 SEM image of post-ion-milled TiO2 anodized in electrolyte containing 0.4 vol.%
H2O.

II. Photocatalytic degradation
Photocatalytic degradation of methylene blue (MB) by different anodic TiO2 films was
performed and is reported as an indication of the photocatalytic properties of the obtained
TiO2 structures. Before irradiation, each sample was immersed in the prepared MB aqueous
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solution (8.7×10-3 mM) and kept in a dark place for 60 min to reach sorption equilibrium.
Optical adsorption profiles were then recorded using a UV 1800 Shimadzu UV-Vis
spectrophotometer with different exposure times to the UV lights (16 S.N.E. Ultraviolet
lamps with maximum output wavelength at 300 nm).

III. Photocatalytic vs. electrochemical measurements
According to the literature [1, 2], the nanoporous structure presents higher efficiency for
photocatalytic activity. Fig. S 1.2 plots the normalized absorbance intensity against ultraviolet
(UV) exposure time. Methylene blue (MB) solution was clearly quite stable in the absence of
TiO2 film catalyst, while the TiO2 nanolayer anodized in electrolyte containing 4 vol.% H2O
showed higher efficiency compared to the other samples. As discussed in Chapter 6,
anodization of Ti foil in the electrolyte with moderate water content (4 vol.%) would result in
an ordered nanoporous hybrid structure. The observed results are in agreement with already
reported data [1]. For most applications, such as photocatalysis, a large specific surface area
is required [2]. On the other hand, interconnected tubular features would benefit from higher
photocatalytic efficiency because they can assist in the transportation of charge carriers to the
charge collectors. In this work, the ordered TiO2 nanoporous structure offers wide enough
pores to explain good charge carrier transport and simultaneously provides high surface area
on the very top of the tubes, leading to more adsorption and interaction with MB molecules.
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Fig. S 1.2 Variation of normalized absorbance intensity against UV exposure time.
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Appendix 2
I. Xray photoelectron spectroscopy of TNTAs
In order to attain a clear image of the structural evolution of TiO2 nanotube arrays (TNTAs),
X-ray photoelectron spectroscopy (XPS) was performed on the as-anodized TNTA, and the
TNTA annealed under argon and air atmospheres. Deconvolution and curve fitting of Ti 2p
spectra were performed using CASAXPS software employing a Gaussian-Lorentzian peak
shape after performing a Shirley background correction. The Ti 2p spectrum mainly consisted
of four individual peaks. The two peaks located at the binding energies of ~ 464.4 and 458.7
eV can be assigned to the core levels of Ti4+ 2p1/2 and Ti4+ 2p3/2, respectively. Two other subpeaks located at lower binding energies are ascribed to Ti3+ 2p1/2 and Ti3+ 2p3/2, respectively
[1-4]. The extracted XPS data for all three samples are summarized in Table S 2.1.
Fig. S 2.1(a) shows the XPS spectrum of the as-anodized TNTA. Four individual peaks can
be identified in the spectrum (both core level peaks of Ti4+ 2p1/2 and Ti4+ 2p3/2, alongside subpeaks at lower energies). According to the literature [5], as-anodized TNTAs exhibit a poorly
defined structure, in which Ti-O bonds are arbitrarily formed. These two sub-peaks at 459.7
eV and 458.2 eV can therefore be attributed to the arbitrary formation of Ti-O bonds during
the anodization process. This hypothesis was further verified by the gradual decline of the
peaks upon further annealing. Comparing the TNTA structures annealed under both argon
and air (Fig. S 2.1(b-c)) revealed that annealing at lower oxygen pressure would be more
favourable to produce a non-stoichiometric structure, as expected [6].
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Table S 2.1 XPS data for Ti 2p1/2 and Ti 2p3/2 of the as-anodized TiO2 nanotube array
(TNTA), and TNTAs annealed in different annealing atmospheres.
Ti4+ 2P1/2
Sample
As-anodized
TNT
TNTA/
argon at 600
°C
TNTA/ air at
600 °C

Binding
energy
(eV)

FWHM
(eV)

464.2590

Ti4+ 2p3/2

Sub-1
Area
(%)

Binding
energy
(eV)

FWHM
(eV)

2.4911

32.17

459.7552

464.18

2.41

31.42

463.7206

2.5254

32.03

Sub-2

Area
(%)

Binding
energy
(eV)

FWHM
(eV)

Area
(%)

Binding
energy
(eV)

FWHM
(eV)

Area
(%)

Standard
deviation

2.2138

8.39

458.8670

1.5987

26.97

458.2357

1.4662

32.47

0.9988

460.28

2.69

5.72

458.90

1.74

25.74

458.26

1.47

37.12

0.9989

459.0037

2.2600

14.91

457.9454

1.6056

53.036

-

-

-

0.9984

Fig. S 2.1 Experimental and fitted XPS spectra of (a) as-anodized TNTA, (b) TNTA/ argon600 °C, and (c) TNTA/ air-600 °C.

II. Xray diffraction of prepared TiO2 nanotube arrays
Since titania crystalline structures are more conductive compared to their amorphous
counterpart, it was essential to anneal the obtained TNTA before performing any
electrochemical measurements. Fig. S 2.2 shows the XRD patterns obtained from titania
nanotube arrays (TNTA) annealed in different atmospheres, air and argon, for different
periods of time. As can be seen, at the same annealing temperature, the TNTA annealed for 1
h period of time, both in air and under argon atmosphere, consists of both anatase and rutile
phases. Introducing an inert atmosphere, however, would result in the promotion of the
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anatase to rutile phase transformation. Further annealing for 5 h under argon led to complete
disappearance of the anatase phase.

Fig. S 2.2 Comparative normalized XRD patterns for titania nanotube arrays (TNTAs)
annealed under different conditions.

III. Xray photoelectron spectroscopy of TNTAs used as working
electrodes
Fig. S 2.3(a) and (b) shows the XPS spectra of the electrodes used in the electrochemical
measurements in acidic (H2SO4) and basic (NaOH) environments, respectively. The
electrodes to be used were thoroughly washed in de-ionized water and then dried in an oven
at 80 °C overnight to remove elements that were non-chemically adsorbed on the surface
during the electrochemical measurements. The XPS results are given in Tables S 2.2 and S
2.3. As can be seen, there is no trace of adsorbed sulfur on the surface of the TNTA that was
subjected to the acidic electrolyte. A considerable amount of sodium was found on the
surface of the sample subjected to the basic electrolyte, however. As was discussed in
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Chapter 10, due to the negative charge build-up on the surface of the TNTAs, it is safe to
assume that positive ions, hydronium (H3O+) in acidic electrolyte and sodium (Na+) in
alkaline electrolyte, will be adsorbed on the surface of the working electrode during the
charge-discharge process, which itself can further enhance the capacitance values.
Table S 2.2 XPS data on TNTA electrode subjected to 1 M H2SO4 aqueous electrolyte.
Peak name

Position (eV)

FWHM (eV)

Area (%)

At%

Ti 2p

459.6100

3.3913

108200.565

28.67

O 1s

531.1100

3.7909

101009.776

71.33

Table S 2.3 XPS data for TNTA electrode subjected to 1 M NaOH aqueous electrolyte.
Peak name
O 1s
Ti 2p
Na 1s

Position (eV)
534.1100
459.6100
1071.6100

FWHM (eV)
6.3058
3.5076
8.9458

Area (%)
101096.101
42446.695
21332.559

At%
81.30
12.81
5.90

Fig. S 2.3 Experimental XPS spectra of TNTA electrodes subjected to 1 M (a) H2SO4 and (b)
NaOH aqueous electrolyte for electrochemical measurements.
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